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In the past decades survival into adulthood of patients with a congenital heart defect (CHD) has 
increased.1 This increase in survival has shifted the focus of research in CHD patients from 
mortality to morbidity. Problems arising during long-term follow-up include arrhythmia, 
endocarditis and heart failure.2 A varying degree of impairment of ventricular performance, which 
may ultimately lead to heart failure, was observed in several subgroups of asymptomatic CHD 
patients long-term postoperatively.3-5 Yet, when and why ventricular performance deteriorates is 
largely unidentified thus far. Impairment of ventricular performance may develop over time, as a 
consequence of residua, sequelae, and complications of the CHD itself or the surgical procedure. 
However, preoperative and perioperative factors may also induce impaired ventricular 
performance immediately after surgery,6 which may persist and/or worsen over time.  
 In previous studies, ventricular performance is described to decline immediately after 
surgery for a CHD if cardiopulmonary bypass is used.7,8 Furthermore, a few years postoperatively, 
cross-sectional studies in pediatric CHD patients have described a variable impairment of 
ventricular performance.9-12 However, there is a paucity of longitudinal follow-up studies in CHD 
patients starting at surgery and continuing for a few years thereafter. Longitudinal follow-up 
studies could provide knowledge regarding the reversibility of the changes observed in ventricular 
performance immediately after surgery. If the impairment of ventricular performance persists 
during more long-term postoperative follow-up, this will further encourage careful follow-up of 
ventricular performance in CHD patients. Furthermore this may contribute to earlier start of 
therapeutic strategies.  
 
Echocardiography is most often used to describe biventricular systolic and/or diastolic 
performance in CHD patients following surgery. Developments in echocardiographic techniques 
and introduction of new parameters, have boosted the ability of echocardiography to assess both 
regional and global ventricular performance.13,14 However, extensive study of the characteristics 
of newly introduced parameters in both healthy subjects and patients remains necessary before 
use of these techniques in clinical practice in children. Assessment of echocardiographic 
measurements in healthy children is important to augment the understanding of ventricular 
mechanics in children. Furthermore, knowledge of the characteristics of new measurements in 
healthy pediatric subjects, including their reproducibility and range of reference values, is 









The aim of this thesis was to assess changes in ventricular performance after surgery for a CHD. 
With echocardiographic assessment starting preoperatively and continuing to over one year after 
surgery, and using both tissue Doppler imaging (TDI) and speckle tracking strain imaging, a 
comprehensive insight of these changes will be provided. Furthermore, to improve correct 
interpretation of (our) findings in CHD patients, the characteristics of TDI and speckle tracking 
strain imaging derived parameters in healthy pediatric subjects were thoroughly assessed. 
 
Outline thesis 
Chapter 2 of this thesis reviews echocardiographic techniques currently applied in children and 
young adults to assess ventricular performance. Furthermore, studies using these 
echocardiographic techniques to assess ventricular performance after surgery for a CHD are 
described. In chapter 3.1 and 3.2 characteristics and reference values of several newly introduced 
echocardiographic parameters in healthy children are studied. Chapter 3.1 focuses on global 
peak strain and TDI peak velocity parameters in neonatal subjects. The significant changes in 
growth in the neonatal period may influence echocardiographic parameters, which renders 
evaluation in this period particularly interesting. Chapter 3.2 provides insight in characteristics and 
reference values of speckle tracking strain derived global peak strain parameters and parameters 
describing intraventricular time-differences in children aged 0 to 19 years.  
  Part 4 of this thesis (chapters 4.1-4.4) describes follow-up of ventricular performance 
after surgery for a CHD in several subgroups of CHD patients. Chapter 4.1 addresses follow-up of 
biventricular performance until hospital discharge in a mixed group of CHD patients undergoing 
surgery with cardiopulmonary bypass. In chapter 4.2 a prolonged echocardiographic follow-up of 
biventricular systolic performance, up to 20 months postoperatively, is assessed in patients with a 
ventricular septum defect undergoing correction. A similar follow-up duration is described in 
chapter 4.3 for a second subgroup of CHD patients undergoing surgical correction using 
cardiopulmonary bypass; patients with transposition of the great arteries undergoing an arterial 
switch operation. In these patients both left ventricular and right ventricular systolic and diastolic 
performance are assessed. Finally, chapter 4.4 describes changes in biventricular systolic and 
diastolic performance following correction of an aortic coarctation in two subgroups of coarctation 
patients. Subgroups included patients undergoing coarctectomy at younger than 1 month of age 
(neonatal) and at older than 1 month of age (nonneonatal). 
 Chapter 5 summarizes the main findings of our studies, discusses these in view of 
present literature and provides future perspectives. Finally, in chapter 6 a Dutch summary of our 
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A varying degree of impairment of ventricular performance is observed over the long-term after 
surgery for a congenital heart defect (CHD). Impaired ventricular performance has been shown to 
be of prognostic value for increased risk of cardiovascular events in adult CHD patients. This 
emphasizes the importance of delineating the timing and cause of this postoperative impairment.  
Impairment of ventricular performance could develop over time as a consequence of 
residua, sequelae and complications of the CHD or surgical procedure. Yet, impaired ventricular 
performance has also been observed immediately after surgery and can persist and/or worsen 
over time. This postoperative impairment of ventricular performance is the focus of this review.  
This article provides an overview of echocardiographic techniques currently used to 
assess ventricular performance. Furthermore, we review current literature describing ventricular 
performance, as assessed using echocardiography, after correction of a CHD.  
In general, a decrease in ventricular performance is observed directly after surgery for 
CHDs. Subsequent follow-up of ventricular performance is characterized by a varying degree of 
postoperative recovery. A consistent observation is the persistent impairment of right ventricular 
performance after repair in several different subgroups of CHD patients, ranging from ventricular 







Many patients with a severe congenital heart defect (CHD) will not survive the first year of life 
without surgical intervention. Since the introduction of pediatric cardiac surgery during the early 
1940s, survival started to increase with currently a survival rate into adulthood of 90% of patients 
born with a CHD.1 Although long-term survival seems promising, long-term follow-up of corrected 
CHD patients is still characterized by a varying degree of impairment of ventricular 
performance.2,3 This impairment may be the consequence of residua, sequelae, and 
complications, including persistent left-to-right or right-to-left shunting, stenosis, or insufficiency of 
heart valves and decreasing cardiac function over time.4 In addition, preoperative and 
perioperative factors may contribute to this impairment of ventricular performance after cardiac 
surgery.5  
 Impaired ventricular performance has been shown to be of prognostic value for 
increased risk of cardiovascular events in adult CHD patients.6 Accordingly, to optimize 
therapeutic strategies it is important to delineate the timing and cause of this postoperative 
impairment of ventricular performance.  
 
Currently several techniques can be used to assess ventricular performance after CHD surgery, 
including echocardiography and magnetic resonance imaging (MRI). MRI has an excellent spatial 
and temporal resolution, good reproducibility and enables assessment of cardiac dimensions 
without geometric assumptions. These characteristics allow accurate follow-up of ventricular 
performance, even in CHD patients with complex anatomy.7,8   
 Echocardiographic techniques also provide a comprehensive and reproducible insight in 
both global and regional ventricular performance in CHD patients. An advantage of 
echocardiography compared with MRI in postoperative follow-up of ventricular performance is that 
echocardiography is almost always readily available. Furthermore, the relatively low cost and the 
absence of need for sedation in young children are advantages.7,9 Accordingly, particularly during 
the direct postoperative period, echocardiography is better equipped than MRI for assessment of 
changes in ventricular performance.  
 
In the present review, we will focus on the echocardiographic assessment of ventricular 
performance after CHD correction. We will provide an overview of echocardiographic techniques 
currently used to assess ventricular performance. Furthermore, we will describe preoperative, 
perioperative and postoperative factors that may add to impairment of ventricular performance 
after CHD correction. Finally, we will review the current literature describing ventricular 






Left-ventricular (LV) fractional shortening (FS) and ejection fraction (EF), as assessed with M-
mode and two-dimensional echocardiography, respectively, are valuable tools to describe LV 
systolic performance. Both FS and EF have shown to be easily applicable in clinical practice in 
both adults and children to assess LV performance.10 Furthermore, LV FS is reproducible and has 
a high temporal resolution, which strengthens its use.11 Yet, the geometric assumptions on which 
LV volume calculations are based can pose a problem in CHD patients, in whom geometry is 
often anomalous.  
In the right ventricle two-dimensional echocardiographic models to assess right-
ventricular (RV) performance have been less successful. The complex shape of the right ventricle 
has prevented development of an appropriate echocardiographic model to assess RV EF. RV 
fractional area change (FAC) has been proven useful in adults to assess RV systolic 
performance. However, in children a weak correlation between MRI derived RV systolic 
performance variables and RV FAC has been observed, thus discouraging its use.12 An RV 
dimensional variable that has been proven useful as a simple and reproducible bedside tool in 
children is tricuspid annular plane systolic excursion (TAPSE).13 A disadvantage of TAPSE is its 
one-dimensional nature and its inability to detect regional alterations. In patients after correction 
of Tetralogy of Fallot (ToF), the inability of TAPSE to detect regional alterations was suggested to 
be the cause of the lack of correlation between MRI-derived RV EF and TAPSE.14 
 
Spectral Doppler inflow velocities across the mitral and tricuspid annulus, including peak early 
filling (E) and late diastolic filling (A) velocity, have been extensively used to describe biventricular 
diastolic performance.15 However the age, heart rate, and load-dependence of these techniques 
could render them suboptimal in evaluation of ventricular performance in pediatric CHD patients.15 
Furthermore, observations of pseudonormalization of the mitral and tricuspid inflow pattern in 
some patients with abnormal relaxation complicates their interpretation.16  
  
Tissue Doppler imaging 
Pulsed wave and colour tissue Doppler imaging (TDI) use the low-velocity, high-amplitude 
Doppler signals of myocardial tissue to assess the velocity of myocardial motion. This allows 
evaluation of both peak systolic (S’) and peak early (E’) and late (A’) diastolic velocities of the left 
and right ventricles.17 In children with a complex CHD, the relative geometry independence of TDI 
measurements is an important advantage compared with the previously described LV EF.18 
Furthermore, more detailed evaluation of ventricular performance is possible due to its ability to 














































































































































































































































































































































































































































  A disadvantage of TDI is that no distinction can be made between active and passive 
motion.17 Furthermore, as with all Doppler-derived techniques, assessment of cardiac motion is 
only possible along the direction of the Doppler beam. This angle dependence allows only full 
segmental analysis in the longitudinal direction. For example, in patients with a univentricular 
heart, this is disadvantageous, because the decrease in longitudinal motion is suggested to be 
(partly) compensated by an increase in circumferential shortening.19 Omission of this 
circumferential compensation in TDI analysis could explain the lack of correlation between MRI-
derived EF and TDI-derived velocities in patients with a univentricular heart.19,20 In addition, TDI 
measurements are often performed in basal segments, which may not always be representative 
for global ventricular performance. For example, in postoperative ToF patients, RV outflow tract 
(RVOT) dysfunction was not detected by basal TDI velocity measurements.21 Finally, the most 
important consideration when using TDI in CHD patients is that conflicting results exist concerning 
the effect of alterations in loading conditions on both systolic and diastolic TDI variables.22-24 
Vignon et al.23 described systolic and diastolic TDI variables to be preload independent, whereas 
Drighil et al.22 reported preload dependence of these variables. Moreover, changes in TDI 
measurements after acute preload reduction, due to transcatheter atrial septal defect (ASD) 
closure, have been variable.24,25 Notwithstanding these considerations, TDI allows the detection of 
more subtle changes in ventricular performance compared with LV EF and LV FS.26 (Table 1) 
To overcome the issue of load dependency several other TDI-based variables have 
been introduced, including isovolumetric myocardial acceleration (IVA) and the myocardial 
performance index (MPI). IVA is measured as the slope of the presystolic velocity curve (cm/s2) 
and is minimally preload and afterload dependent. In animal studies, IVA was shown to be a good 
noninvasive index of contractility.27 Subsequent evaluation of IVA in clinical studies, including 
pediatric ToF patients, further supported its use by describing a correlation between IVA and RV 
invasive measurements.28 However, previously presented normal values of IVA in both adult and 
pediatric healthy subjects were highly variable29 and were shown to be heart rate dependent.30 
Furthermore, low measurement reproducibility was shown.31 These observations limit the use of 
IVA as a clinical useful tool to assess systolic LV and RV performance. 
Studies describing TDI-derived MPI, a ratio of the total time spent in isovolumic 
contraction and relaxation divided by the ejection time, have been more promising compared with 
IVA. MPI has been shown to be of predictive value in the detection of heart failure.32 In children, 
MPI has been shown to be reproducible33 and both LV and RV MPI were not clinically significantly 
correlated to age or heart rate.33 These characteristics facilitate the use of MPI in pediatric 
patients. A disadvantage of MPI is that the combination of systolic and diastolic performance in 
one variable renders the variable less specific. Furthermore, in ToF patients with significant 





interpretation of MPI.7 This may explain the lack of correlation between RVEF and RV MPI in ToF 
patients.21 Hence, the value of MPI in ToF patients is disputable.  
Finally, the calculation of strain rate (SR) and strain from TDI-derived velocity curves 
has further expanded the use of TDI to define ventricular performance. Strain, defined as the 
deformation of an object normalized to its original shape, can distinguish active from passive 
contraction.34 This is an important advantage of strain variables compared with previously 
described TDI variables. Yet, the TDI-derived systolic and diastolic strain and SR measurements 
are still angle dependent. Furthermore, the influence of small artefacts and drop-out is magnified 
in the calculation of strain and SR from TDI velocity curves.34  
 
Speckle-tracking strain imaging 
Speckle-tracking strain imaging is an alternative technique to assess strain and SR. Using an 
automated tracking algorithm this technique assesses the frame-to-frame movement of so-called 
speckles (natural acoustic markers within the myocardium). The change in position of speckles 
relative to their original position is used to calculate strain.(Figure 1) The technique is angle 
independent and less influenced by drop-out than TDI derived strain measurements.34 
Furthermore, speckle-tracking strain imaging allows multidirectional detailed assessment of LV 
and RV mechanics. For the LV this includes evaluation of longitudinal, radial and circumferential 
wall motion.34 Finally speckle-tracking strain imaging also allows for the evaluation of rotational 
motion, including twist and torsion, which adds an additional perspective.  
Disadvantages of speckle -tracking strain imaging include the necessity of high-quality 
images to perform speckle-tracking strain imaging. In addition, the observed vendor dependence 
complicates its interpretation, and the technique may be considered time-consuming.35 Last, one 
of its present limitations is that the optimal frame rate is unclear, due to a trade-off between 
temporal and spatial resolution.34 Especially considering the high heart rates in children, too low 
frame rates will result in undersampling and less reliable results.  
Despite these disadvantages, speckle-tracking strain imaging is a promising technique 
to evaluate biventricular performance. In both healthy adults and pediatric patients, reference 
values of speckle-tracking strain derived variables have been published.36,37 A relatively good 
feasibility and reproducibility of strain was described in these studies. In CHD patients, a good 
correlation was described between MRI-derived measurements and speckle-tracking strain 
imaging.38 Furthermore, the added value of multidirectional analysis in CHD patients was 
underlined in a study in patients with a univentricular heart.19 Finally, rotational mechanics have 
shown to be decreased in ToF patients compared with controls.39 Despite these encouraging 
results, future studies in CHD patients are necessary to define characteristics of speckle-tracking 








































Panel A. The top left 
corner shows a grayscale 
harmonic image of the 
apical four-chamber view. 
The region of interest is set 
and divided into six 
segments. Time-strain 
curves of each segment 
(colored lines) and global 
time strain curves (dotted 
line) are shown on the 
right-hand side. Arrows 
indicate peak strain. 
 
Panel B and C. The top 
left corner shows a 
grayscale harmonic image 
of the short-axis view. The 
region of interest is divided 
into six segments, and the 
corresponding time-strain 
curves for radial (B) and 
circumferential (C) strain 










A major innovation in echocardiography has been the introduction of three-dimensional 
echocardiography (3DE). Especially in delineation of anatomy 3DE has been shown to be of 
additive value compared with previously described two-dimensional echocardiographic 
measurements.40 Furthermore, 3DE allows accurate and reproducible analysis of LV and RV 
volume and EF in both adults and children.41,42 The total absence of geometrical assumptions in 
3DE is an important advantage, especially in CHD patients.  
Challenges currently remain in the trade-off between temporal and spatial resolution.43 
In addition, the necessity of breath hold during image acquisition complicates use of multiple-beat 
3DE in children.43 Yet, in very young children breath hold may be less of a problem considering 
their high heart rate and relatively superficial breathing pattern. Furthermore, one-beat 3DE 
techniques are being introduced that overcome this breath hold difficulty.44 Hence, although 
challenges remain, we advocate the use of 3DE in pediatric CHD patients. 
In addition to evaluation of global ventricular performance, speckle-tracking strain 
imaging in 3DE provides interesting potential for future evaluation. Strain imaging in 3DE images 
takes into account the previously described longitudinal, radial and circumferential contraction in 
one analysis. However, a frame rate > 40 frames/second is required to accurately evaluate strain, 
which is not possible with present 3DE techniques.35 
 
 
PREOPERATIVE, PERIOPERATIVE AND POSTOPERATIVE FACTORS  
Previously described echocardiographic techniques have been used in several studies in CHD 
patients and describe a similar pattern of change after cardiac surgery with cardiopulmonary 
bypass (CPB). This pattern is characterized by immediate impairment of ventricular performance 




Before surgery volume and pressure loading in CHD patients induce a variable degree of 
remodeling of the heart.46,47 Corrective surgery and unloading will often induce reversed 
remodeling. Still, preoperative remodeling will affect ventricular performance immediately after 






Another preoperative factor which has been described to influence postoperative 
ventricular performance is the degree of preoperative hypoxia.49 In CHD patients with a cyanotic 
heart defect, chronic preoperative hypoxia often leaves the heart more vulnerable for 
reoxygenation injury during surgery with CPB.50 Furthermore, preoperative hypoxia has been 
suggested to induce structural and functional alterations of the heart, which could result in cardiac 








Perioperative factors that have been suggested to decrease postoperative ventricular 
performance include the following: direct surgical trauma, pericardiotomy, CPB, inadequate 
myocardial protection and hemodynamic changes.45,51-53  
The influence of CPB on the body has been extensively studied in both children and 
adults 53,54. Aortic cross-clamping and associated ischemia have been suggested to result in 
postoperative myocardial damage as well as inflammatory cascades initiated by CPB.54 In 
patients with transposition of the great arteries (TGA) who undergo corrective surgery, a strong 
association was shown between poor operative survival and aortic cross-clamp time and CPB.55 
In addition, a correlation of both cross-clamp time and CPB time with peak systolic TDI velocities 
was previously described in several subtypes of CHD patients.5,56  
Box plots depicting mean and 95 % confidence interval of the mean.  
Plots describe follow-up of ventricular performance in 141 patients undergoing surgery for a 
CHD and 40 age-matched controls.5 
E’, peak early diastolic TDI velocity; RV, right ventricle; S’, peak systolic TDI velocity.  
 






Inadequate myocardial protection, achieved with cold cardioplegia and external cooling, 
can also add to impairment of especially RV performance after cardiac surgery.52,57 Previous 
studies used temperature probes in the myocardium to assess the efficacy of external cooling and 
described differences of 19 ºC between the left and right ventricle.52,57 This temperature difference 
was suggested to be caused by the anterior position of the right ventricle. This position renders it 
much more at risk of external heating than the left ventricle during surgery.  
 Finally, surgery for a CHD is frequently associated with hemodynamic changes, 
including changes in preload and/or afterload conditions. According to the Frank-Starling 
mechanism, loading alterations influence ventricular performance.58 In addition, loading 
alterations may influence echocardiographic measurements.22,23 
 
Postoperative 
Direct postoperative factors, including inotropes and mechanical ventilation, can also contribute to 
impairment of ventricular performance after CHD correction.  
 Inotropes are often vital in perioperative and postoperative care to maintain a steady-
state condition during surgery and its direct postoperative period. Traditionally, catecholamines 
are used. However, despite their positive inotropic effect, which induces an increased force of 
myocardial contraction, catecholamines can also adversely affect ventricular performance.59 For 
example the use of high-dose epinephrine may increase systemic vascular resistance, which 
increases afterload and decreases LV performance.60 Phosphodiesterase inhibitors including 
Milrinone, have shown to be effective in pediatric patients and are most commonly used in the 
direct postoperative period.59  
 Similar to inotropes, mechanical ventilation has been described to both positively and 
negatively affect postoperative ventricular performance depending on the type of ventilation and 
CHD. For example in Fontan and ToF patients after repair, positive-pressure ventilation may have 
a deleterious effect on cardiac output, whereas negative-pressure ventilation has been shown to 
increase cardiac output.61 Yet, in patients with LV dysfunction, cardiac output could increase in 
response to positive-pressure ventilation.62 Considering these differential effects, ventilation 
settings remain an important topic in the postoperative care of CHD patients.  
 
FOLLOW-UP OF CHD PATIENTS  
Subgroups of CHD patients described in the present review include patients with an ASD, 
ventricular septal defect (VSD), ToF, TGA, and univentricular heart. During more long-term follow-





Atrial septal defect 
The presence of an ASD results in left-to-right shunting, which often results in right atrial and RV 
volume overload. The size of shunting can be quantified using echocardiography by the Doppler-
derived Qp:Qs ratio.63 Furthermore, assessment of right atrial and RV volume is often used to 
assess the size of shunting and consequent RV overload. Both right atrial and RV volume can be 
accurately quantified by 3DE by way of volume measurements.64,65 In pediatric patients, this RV 
overload translates to an increase in RV systolic performance variables before surgery.66,67 
However, if untreated, long-term RV overload has a deleterious effect on RV performance as 
assessed using 3DE-derived RV EF and RV MPI.68 In addition to RV overload, the left-to-right 
shunt in ASD patients may induce a decrease in LV preload. This could be the cause of the 
observed decrease in LV size and LV E’ before surgery.67 This subtle impairment was not 
observed using the load-dependent Doppler mitral E and A measurements in this study. 
 
After closure of an ASD in children, hemodynamics and ventricular volumes rapidly normalize and 
closure is thought to induce reverse remodeling.69 However, the method of closure, surgical or 
transcatheter, has been shown to be associated with differential postoperative follow-up. 
Directly after surgical closure of an ASD using CPB, a decrease of LV and especially RV 
systolic and diastolic performance has been described as assessed using LV and RV S’, E’, A’ 
and MPI.56,70 Studies describing more long-term follow-up, using the same TDI velocities and MPI, 
generally report complete recovery of LV performance to normal values.71 Only one study, which 
used TDI-derived LV strain and SR measurements, described regional impairment in LV 
longitudinal performance still present after the first postoperative year.72 In contrast, RV systolic 
and diastolic performance, as assessed using both TDI and strain imaging, was still impaired 
several years after surgical ASD closure.71,72  
In contrast to surgical closure, within the first 24 hours after transcatheter ASD closure 
in infants and children, little or no impairment of biventricular performance was described using 
either TDI or strain measurements.66,73,74 In addition during more long-term follow-up of these 
patients, RV and LV performance remained preserved.69,71 Interestingly, in adults undergoing 
transcatheter closure, a gradual increase of especially RV performance has been described after 
correction as assessed with RV MPI.68,75 This can be the result of more pronounced preoperative 
impairment of RV performance as a result of long-term volume overload in adults.68  
These contrasting results of differential techniques for ASD closure in children suggest 
an important influence of perioperative factors, including CPB and exposure of the myocardium to 







Ventricular septal defect 
In VSD patients, the left-to-right shunt during systole often leads to increased LV preload before 
surgery. Considering the load-dependence of Doppler flow velocities,76 the increased preload may 
be the cause of the high LV E and A velocities observed before surgery.76,77 This suggestion is 
supported by the lack of differences in LV E’ and A’ between patients and controls before 
surgery.76 
 
Similar to ASD patients, decreased RV performance was observed in VSD patients directly after 
surgery.70,78 Subsequent follow-up of these patients using RV MPI has suggested a recovery to 
normal values within the first postoperative month.78 These results contrast with results of another 
study in VSD patients, that described significantly lower TAPSE and RV S’ measurements in 
patients versus controls up to 20 months postoperatively.79  
 Considering the preoperative LV overload in VSD patients, postoperative impairment of 
LV rather than RV performance might be expected. However, despite a direct postoperative 
decrease in LV systolic and diastolic performance,51,56,80 subsequent follow-up of LV performance 
using MPI revealed a gradual recovery to normal values within the first postoperative month.70,78 
Amongst other factors, the decrease in LV performance immediately after VSD closure was 
suggested to be the result of the preload reduction. This induces a decrease of LV contractility 
according to the Frank-Starling principle.51 Studies describing more long-term follow-up of 
ventricular performance in VSD patients are limited. One study described decreased LV S’ and E’ 
11 years after surgery.81 However, most other studies reported normal LV performance during 
follow-up, as assessed using LV TDI velocities and 3DE-derived LV EF.79,82  
 
Transposition of the great arteries 
Before correction, the right ventricle functions as the systemic ventricle in TGA patients, whereas 
the left ventricle supports the pulmonary circulation. Although pulmonary pressure is high directly 
after birth, this pressure decreases over time. This may result in LV remodeling and the need for 
LV retraining before arterial switch operation (ASO) is possible.83 Accordingly, present 
management strategy is to perform ASO in the early neonatal period.  
 
Directly after ASO, a significant decrease in LV FS, S’ and IVA was observed.58,80 (Figure 3) This 
decrease in LV performance was related to the duration of aortic cross-clamping.80 In addition, 
loading alterations, direct surgical trauma, and reoxygenation injury may add to this immediate 
postoperative decrease in LV performance. TGA patients are often particularly vulnerable for 










Studies describing subsequent follow-up of LV performance have yielded contrasting results.84-86 
Colan et al.85 described normal LV FS 6 months to 10 years after surgery, whereas Hui et al.84 
described decreased LV FS and EF in patients versus controls 10 years after surgery. A more 
recent study by Pettersen et al.87 used speckle-tracking strain imaging and TDI in addition to LV 
EF to describe LV performance 12 years after surgery. They reported normal LV EF, TDI, and 
circumferential strain measurements in patients. However, a slight impairment of regional LV 
longitudinal strain and LV torsion was observed in TGA patients versus controls. These results 
suggest speckle-tracking strain imaging to be more suitable in postoperative TGA patients to 
detect regional impairment of LV systolic performance.  
 
Follow-up of RV performance in patients after ASO has been limited thus far. Yet, the introduction 
of speckle-tracking strain imaging and TDI have amplified the possibilities. One of the first studies 
to use these techniques in TGA patients reported decreased RV longitudinal strain, whereas RV 
circumferential strain and TDI were normal 12 years after surgery.87 The cause of this persistent 
impairment of RV performance is probably multifactorial and most likely includes previously 
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described preoperative hypoxia, CPB associated damage, and direct surgical trauma. In addition, 
postoperative residua and complications of ASO, including pulmonary artery obstruction and 
coronary artery injury, can negatively affect RV performance long after surgery.3,87 These results 
encourage further follow-up of RV performance using TDI and speckle-tracking strain imaging.  
 
Tetralogy of Fallot 
ToF is characterized by pulmonary stenosis, VSD, overriding of the aorta and RV hypertrophy. 
Clinical presentation depends mainly on the degree of pulmonary stenosis, which may induce RV 
pressure overload and/or clinical cyanosis. Both have been suggested to add to the impairment of 
RV performance observed before surgery in ToF patients.47 Accordingly, to limit these detrimental 
effects surgical correction of ToF is recommended before the age of 1 year.   
 
Postoperative studies have mostly focused on RV performance. Of these studies, the only one 
that described follow-up immediately after surgery described a significant decrease in RV systolic 
and diastolic TDI velocities and IVA.47 Subsequently, no recovery to preoperative levels was 
observed within the first 3 months.47 Most other studies in corrected ToF patients were cross-
sectional studies performed after the first postoperative year. In these studies, impaired RV 
systolic and diastolic performance was described even in asymptomatic patients versus controls 
13,88-91. Accordingly, similar to results in ASD, VSD and TGA patients, a persistent impairment of 
RV performance is present in ToF patients after surgical correction.  
Several factors have been suggested to add to this postoperative impairment of RV 
systolic and diastolic performance. Decreased RV diastolic compliance, which is recognized by 
restrictive RV physiology, was suggested to induce decreased RV diastolic performance directly 
after surgery.92 Yet, during more long-term follow-up, the decreased diastolic compliance is 
probably protective because it limits PR.93 PR, and associated RV dilatation, is thought to be one 
of the most important causes of RV dysfunction during more long-term follow-up.94 Yet, decreased 
RV performance, as assessed by RV S’ and E’, was also observed in patients without significant 
PR.95 Accordingly CPB, ventriculotomy, inadequate myocardial protection, RVOT stenosis, and 
patch implantation may further add to the postoperative impairment of RV performance.95 
Especially RVOT dysfunction was suggested to have an important role in inducing decreased RV 
performance.96-98   
Of note is that although the existence of RV dysfunction in postoperative ToF patients is 
not disputed, the best echocardiographic technique to quantify this has not yet been established.  
Both RVOT dysfunction and postoperative PR are factors complicating this.7,21 Accordingly, MRI 




Regarding LV performance, LV S’, E’ and A’, remained comparable with preoperative levels within 
the first month after ToF surgery.47 Although some studies have described normal LV 
performance, during more long-term follow-up,95 impaired LV systolic and diastolic performance, 
as assessed using TDI and speckle-tracking strain imaging, has been observed to follow ToF 
repair as well.39,90,99 The significance of this LV impairment was highlighted by recent studies, 
which described LV performance variables to be of prognostic value in the assessment of 
increased risk of life-threatening arrhythmia and sudden cardiac death.6  
Impaired LV performance in postoperative ToF patients can be the result of preoperative 
hypoxia, myocardial fibrosis, paradoxical septal motion, and ventricular-ventricular 
interaction.100,101 The presence of ventricular-ventricular interaction in postoperative ToF patients 
is supported by the correlation between several LV and RV ventricular performance indices.39,100 
This adverse ventricular-ventricular interaction has been suggested to be the result of RV 
enlargement.100  
 
Univentricular heart  
Before surgery ventricular dysfunction is often present in patients with a univentricular heart.102 
Volume and pressure overload, as well as preoperative cyanosis, may contribute to this 
impairment. Subsequent repair is often staged in three phases to finally end up with a Fontan 
circulation.  
Echocardiographic follow-up of ventricular performance in patients who undergo single-
ventricle repair is challenging due to the heterogeneity in underlying anatomy and abnormal 
ventricular geometry.103 Yet, the good correlation between MRI-derived measurements and both 
speckle-tracking strain imaging38 and 3DE-derived measurements42 in patients with a 
univentricular heart promotes the use of these techniques.  
 
The goal of the first stage of repair is to create a balance between the systemic and pulmonary 
circulation if it is not already present. This can be achieved by pulmonary artery banding or 
introduction of a Blalock-Taussig shunt (aortic-to-pulmonary artery connection) or Sano shunt 
(right ventricle-to-pulmonary artery connection). Extensive research of the consequences of this 
first stage of repair has been performed in patients with hypoplastic left heart syndrome. In these 
patients, shunt introduction is often combined with construction of a neoaorta; together they 
constitute the Norwood procedure. After the Norwood procedure, variables describing longitudinal 
ventricular performance, including longitudinal strain and SR, were decreased.104 Khoo et al.19 
observed no decrease in RV circumferential strain after the Norwood procedure and suggested 
the decrease in longitudinal performance variables to be an adaptive mechanism of the right 





ventricular performance after the Norwood procedure has also been suggested to be the result of 
loading alterations, CPB, or surgery itself.104 The suggestion of shunt type influencing 
postoperative ventricular performance in patients with hypoplastic left heart syndrome105 was 
recently invalidated by the results of a large randomized controlled trial.106 No differences were 
observed in Doppler flow or TDI variables between patients with a Blalock-Taussig or Sano shunt 
up to 14 months postoperatively in this study.106 
 The second stage of repair, characterized by creation of a bidirectional Glenn shunt 
(vena cava superior-to-pulmonary artery connection), results in a reduction of volume loading of 
the ventricle. Longitudinal follow-up of ventricular performance after this stage of repair has 
yielded contrasting results. In patients with hypoplastic left heart syndrome, a decrease in RV S’ 
and 3DE-derived RV EF has been described.103,107 This deterioration of RV function was 
suggested to be the result of chronic pressure overload, surgical intervention, and ventricular 
dilatation due to tricuspid regurgitation.103 In contrast, a decrease in MPI, suggesting improvement 
of ventricular performance, was reported in a heterogeneous group of single-ventricle patients 
who underwent bidirectional Glenn.108  
 The final stage of Fontan repair includes construction of a vena cava inferior-to-
pulmonary artery connection. Follow-up in patients shortly after this last stage portrayed no 
significant difference in Doppler flow-derived velocity or MPI before surgery versus after 
surgery.109,110 Subsequent cross-sectional studies of Fontan patients, ranging from 2 weeks to 18 
years after Fontan, have been performed using a multitude of echocardiographic techniques and 
reported impaired ventricular systolic and diastolic performance in patients versus controls.111-113 
This appeared to be even worse in patients with a single right ventricle compared with a single left 
ventricle 113. The observed impairment of diastolic ventricular performance was suggested to be 
the result of decreased compliance of the ventricle. Decreased compliance may be induced by the 
preoperative volume load and associated hypertrophy, myocardial fibrosis, or decreased filling of 
the ventricle after Fontan repair.111 Decreased strain and SR after Fontan repair were attributed to 
absence of ventricular-ventricular interaction, pre-Fontan chronic pressure and volume overload, 
abnormal myofiber orientation, uncoordinated ventricular contraction and relaxation, and 
increased afterload.112 Finally, chronic preoperative hypoxia, CPB, and postoperative residua and 
complications have been suggested to add to the persistent impairment of ventricular 








CONCLUSIONS AND FUTURE PERSPECTIVES  
In recent years, a multitude of echocardiographic techniques have been introduced that have 
brought about an expansion of knowledge of ventricular performance after surgery for a CHD. Due 
to influences of preoperative, perioperative and postoperative factors, a decrease in ventricular 
performance is often observed directly after surgery. Subsequent follow-up of ventricular 
performance is characterized by a varyin degree of postoperative recovery. A remarkable 
observation is the persistent impairment of RV performance after repair in several different 
subgroups of CHD patients, ranging from VSD repair to surgery for ToF.  
Still, challenges remain in the echocardiographic follow-up of CHD patients after surgery. 
Further validation studies and reproducibility analyses of TDI and speckle-tracking strain imaging 
as well as 3DE in CHD patients are necessary. In addition long-term longitudinal follow-up 
studies, starting shortly after surgery, are desirable to discover the cause of the observed 
persistent impairment in ventricular performance. Finally, correlation between ventricular 
performance and clinical follow-up is essential to put changes in echocardiographic variables into 
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Background Specific follow-up of newly introduced echocardiographic parameters in healthy 
neonates and infants is limited.  
Aim To prospectively describe follow-up of left ventricular (LV) tissue Doppler imaging (TDI) and 
speckle tracking strain parameters in healthy subjects up to two months after birth.  
Design This is a longitudinal follow-up study. 
Subjects Twenty-eight (10 male) healthy newborns were included and underwent transthoracic 
echocardiography 1-3 days, 3 weeks and 6-7 weeks after birth.  
Outcome measures In each echocardiogram, parameters describing cardiac growth, including 
LV mass (LVM), were assessed. Additionally, TDI derived peak systolic velocity (S’) and peak 
early (E’) and late (A’) diastolic velocities were assessed in the basal LV free wall and 
interventricular septum (IVS). Finally LV longitudinal, radial and circumferential global peak strain 
parameters were assessed using speckle tracking strain imaging.  
Results LVM significantly increased during follow-up (7.6±2.4 versus 12.4±3.2g, p=0.002). 
Similarly at 1-3 days versus 6-7 weeks after birth, an increase in LV and IVS systolic (LV S’ 
4.1±1.5 versus 6.3±1.5cm/s, p=0.001; IVS S’ 3.6±0.9 versus 6.4±1.3cm/s, p<0.001) and diastolic 
(LV E’ 6.1±2.2 versus 9.7±2.9cm/s, p=0.002; IVS E’ 5.1±1.4 versus 10.7±3.3cm/s, p<0.001) TDI 
parameters was observed. In contrast, global peak longitudinal, radial and circumferential strain 
parameters did not significantly change during follow-up. 
Conclusions A significant increase in LV systolic and diastolic TDI parameters was observed up 
to two months after birth. Yet this increase may be (cardiac) growth-dependent. No significant 
changes were observed in speckle tracking strain derived global peak strain parameters; this may 
render the technique particularly valuable in evaluation of LV systolic performance during periods 


















Patients with a congenital heart defect frequently undergo surgery in the first weeks to months of 
life.1 Preoperative monitoring and postoperative monitoring of biventricular performance in these 
patients is important and is often assessed using echocardiography. Yet especially in these first 
few weeks of life hemodynamic and growth related changes occur, which may influence 
echocardiographic parameters.2,3 Accordingly, follow-up of echocardiographic parameters in 
healthy neonates and infants is important to allow correct interpretation of echocardiographic 
parameters in patients born with cardiac disease. 
 Speckle tracking strain imaging and tissue Doppler imaging (TDI) are relatively new 
echocardiographic techniques which have been shown to detect subtle alterations of left 
ventricular (LV) performance in both adults and children.4,5 The few previous follow-up studies in 
healthy neonates and infants using TDI have suggested that LV systolic performance and 
diastolic performance increase up to one year after birth.6,7 A prospective follow-up study of LV 
performance in the first months of life using speckle tracking strain imaging has not been 
performed. Accordingly, we aimed to prospectively describe follow-up of LV TDI and speckle 




In this prospective follow-up study, healthy newborns who were born in the Leiden University 
Medical Center were enrolled. Subjects were eligible for inclusion if they were born term (37-42 
weeks) and echocardiographic evaluation showed structurally normal hearts with a normal 
cardiac function. Exclusion criteria were factors influencing neonatal cardiac function (e.g. 
maternal diabetes mellitus or maternal use of cardiovascular medication). If present, the neonate 
was not eligible for inclusion in the study. The institutional review board approved this study and 
written informed consent was obtained from the parents. 
Demographic parameters including gestational age and sex were documented at study 
inclusion. All subjects underwent transthoracic echocardiography at several time points, namely at 
the ages of 1-3 days, 3 weeks and 6-7 weeks.  
 
Echocardiography 
Echocardiography was performed using a commercially available system (Vivid-7.0.0, General 
Electric Vingmed Ultrasound, Horten, Norway) and included recordings of M-Mode, Doppler flow, 
TDI and grayscale images. Images were stored in digital format to allow off-line analyses using 
EchoPac version 11.1.8 (General Electric Vingmed). All subjects were in sinus rhythm at the time 
of echocardiographic investigation.  
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M-mode and Doppler flow 
In M-mode recordings of the LV long axis LV internal diameter at end-diastole (LVIDd) and at 
end-systole (LVIDs), as well as ventricular septal wall thickness (VSTd) and LV posterior wall 
thickness (PWTd) at end-diastole, were assessed in centimeters (cm). Subsequently LV mass 
(LVM) was calculated using LVIDd, VSTd, and PWTd, as previously described.8  
Furthermore, to conventionally assess LV systolic performance, LVIDd and LVIDs were 
combined to calculate fractional shortening (FS, %) as follows: ((LVIDd-LVIDs)/LVIDd)*100%. To 
conventionally assess LV diastolic performance, peak mitral early wave velocity (E, m/s) was 




In addition to conventional parameters, LV systolic performance and diastolic performance were 
assessed using pulsed wave TDI. TDI images were obtained in two-dimensional images of the 
four-chamber view throughout three consecutive cardiac cycles. The angle of insonation was 
adjusted to align the ultrasound beam along the direction of myocardial motion. Subsequently, 
myocardial velocity curves were acquired by placing the cursor at the basal part of the LV lateral 
wall and interventricular septum (IVS). In each myocardial velocity curve peak systolic velocities 
(S’), peak early diastolic velocities (E’) and peak late diastolic velocities (A’) were assessed. In 
addition, LV E/E’, a diastolic parameter strongly correlated with ventricular filling pressure,9 was 
calculated for further assessment of LV performance.  
 
Speckle tracking strain imaging 
Finally, speckle tracking strain analysis was used to assess LV systolic performance. Speckle 
tracking strain analysis was performed in grayscale images of the apical four-chamber view 
(longitudinal analysis) and the LV parasternal short-axis view at the level of the papillary muscle 
(radial and circumferential analyses). In these images, manual endocardial border tracing at end-
systole was used to set the region of interest. The region of interest was automatically divided into 
six segments for further analysis. In the four-chamber view this included the basal, mid and apical 
segments of the LV lateral wall and of the IVS. The short-axis image was divided into septal, 
anteroseptal, anterior, lateral, posterior and inferior segments to evaluate both radial and 
circumferential strain. 
Data obtained by speckle tracking were displayed in longitudinal time-strain curves for 
each segment in the four-chamber view and radial and circumferential time-strain curves for each 
segment in the short-axis view.10,11 From these time-strain curves segmental peak strain was 
obtained. Peak radial strain was defined as the most positive strain value and peak longitudinal 
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and circumferential strain as the most negative strain value at any time point during one cardiac 
cycle. The mean strain of the six segments in one view was calculated and constituted the global 
peak strain. Intra- and interobserver variability of speckle tracking strain parameters in children 
have been previously published by our group.12  
 
Statistics 
Normally distributed data are expressed as mean ± standard deviation. Non-normally distributed 
data are expressed as median (interquartile range). At first, the Friedman test was used to assess 
whether differences were present in echocardiographic parameters between the three 
measurement occasions. If the Friedman test indicated a significant difference, the Wilcoxon 
signed rank test was used to more specifically assess this difference, by comparing 
echocardiographic parameters at the ages of 1-3 days versus 3 weeks, 3 weeks versus 6-7 
weeks and 1-3 days versus 6-7 weeks. Finally, the percentile change in LVM, weight, LV S’ and 
IVS S’ 1-3 days versus 6-7 weeks after birth was calculated. These parameters were 
subsequently used to assess the correlation between changes in LVM and weight versus 
changes in LV systolic TDI parameters using scatter plots and Spearman’s rank tests. Data 




A total of 28 (10 male, 36 %) healthy newborns were included in this prospective follow-up study. 
The mean gestational age at birth in the study population was 40+0 weeks. Transthoracic 
echocardiograms were performed at a median age of 2 (2-3) days (N=28), 23 (19-30) days 
(N=19) and 48 (44-53) days (N=23).  
A significant increase in weight was observed in healthy subjects 1-3 days versus 6-7 
weeks after birth (3.5 ± 0.5 versus 4.9 ± 0.7, p<0.001). Similarly parameters describing cardiac 
growth, including LVIDs and LVM, significantly increased during follow-up (1-3 days versus 6-7 
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An increase was observed in LV S’ and IVS S’ during our follow-up (1-3 days versus 6-7 weeks 
after birth LV S’ 4.1 ± 1.5 cm/s versus 6.3 ± 1.5, p=0.001; IVS S’ 3.6 ± 0.9 versus 6.4 ± 1.3 cm/s, 
p<0.001; Table 1, Figure 1). No significant associations were observed between the percentile 
changes in weight and LVM versus the percentile change in LV S’ during our follow-up. However, 
a larger percentile change in weight 1-3 days versus 6-7 weeks after birth was associated with a 
larger percentile increase in IVS S’ (p<0.001, R2=0.63; Figure 2). A similar association was 
observed between the percentile change in LVM and the percentile change in IVS S’ (p=0.02, 
R2=0.33).  
In contrast to TDI parameters, neither FS nor global peak longitudinal, radial or 
circumferential strain parameters significantly changed during our follow-up period (1-3 days 
versus 3 weeks versus 6-7 weeks after birth: FS 38 ± 5 versus 34 ± 5 versus 34 ± 6, p=0.06; 
global peak longitudinal strain -18.8 ± 3.5 versus -18.6 ± 2.5 versus -19.4 ± 2.3 %, P=0.09; global 
peak radial strain 29.4 ± 12.2 versus 31.1 ± 15.2 versus 32.3 ± 12.0%, p=0.92; global peak 
circumferential strain -19.7 ± 4.3 versus -20.5 ± 4.5 versus -19.6 ± 4.9 %, p=0.78).  
 
Diastolic performance 
A significant increase was observed in MV E during our follow-up (1-3 days versus 6-7 weeks 
after birth 0.6 ± 0.1 versus 1.0 ± 0.2 m/s, p<0.001). Similarly, LV diastolic TDI parameters, 
including LV E’, IVS E’, and IVS A’, significantly increased during the first 6-7 weeks of life (1-3 
days versus 6-7 weeks after birth LV E’ 6.1 ± 2.2 versus 9.7 ± 2.9 cm/s, p=0.002; IVS E’ 5.1 ± 1.4 
versus 10.7 ± 3.3 cm/s, p<0.001; Table 2). No significant differences were observed in LV E/E’ 
during follow-up (Table 2). 
Box plots depicting mean and 95% confidence interval of the mean of LV tissue Doppler imaging 
and speckle tracking strain parameters during follow-up. 
IVS, interventricular septum; LV, left ventricular; S’, peak systolic tissue Doppler imaging velocity. 
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Current results describe a significant increase in parameters describing (cardiac) growth and LV 
systolic and diastolic TDI parameters two months after birth compared with 1-3 days after birth. In 
contrast, no significant changes were observed in speckle tracking strain parameters within the 




The observed increase in LV systolic TDI parameters during our follow-up is in line with the few 
previous studies in healthy neonates and infants using TDI.6,7,13 In these studies LV S’ was 
described to increase up to three months after birth.6,7 Furthermore, significantly higher LV systolic 
TDI velocities have been described in children (mean age of 9.0 years) as compared to 
neonates.13 This significant increase in LV systolic TDI parameters during the first 7 weeks of life 
could reflect an increase in LV systolic performance. Furthermore, changes in translational 
movement of the heart and loading alterations could influence TDI parameters in the early 
postnatal period, as previously suggested.6,7 However, changes in (cardiac) growth may also be a 




Previously in fetuses and children a significant influence of (cardiac) growth on TDI parameters 
has been described.14,15 These studies have resulted in the publication of Z-scores of TDI-
parameters in children.16 However, in neonates and infants the influence of (cardiac) growth on 
TDI parameters has been under-exposed thus far. Especially in the first few months of life 
significant (cardiac) growth is observed,17 as supported by the significant changes in parameters 
describing (cardiac) growth in our study. Hence, current results encourage a more specific study 
in healthy neonates and infants to check the validity of previously published Z-scores, considering 
the rapid changes observed in parameters describing cardiac growth in this population.  
 
IVS, interventricular septum; S’, peak 
systolic tissue Doppler imaging velocity.  
 
 
Figure 2. Correlation between 
percentile changes in weight and IVS 




 Studies describing reference values of echocardiographic parameters and influence of 
(cardiac) growth in healthy children are important to remain responsible in the use of the multitude 
of new echocardiographic parameters in children. An underlying influence of (cardiac) growth-
related alterations on the changes in TDI parameters during longitudinal follow-up in pediatric 
subjects is an important consideration when evaluating results. Therefore knowledge of these 
characteristics in healthy children is vital before ‘abnormal’ observations in children with a cardiac 
disease can be distinguished.   
Furthermore, if (cardiac) growth is indeed a major determinant of changes in TDI 
parameters in healthy subjects in the first few months of life, this may also be the underlying 
reason for the observed significant differences in LV S’ between term and preterm neonates18 and 
between small and appropriate for gestational age neonates.19,20 Similar to our results, significant 
differences in TDI parameters and parameters describing cardiac growth were described between 
subgroups in these studies.18,19  
 
Speckle tracking strain imaging 
In contrast to TDI parameters, no changes were observed in speckle tracking strain derived 
parameters during our follow-up. These results are in line with the only previous study using 
speckle tracking strain imaging in healthy neonates and infants. In this study, no significant 
difference was observed in LV longitudinal or circumferential strain measurements in 1-3 day old 
neonates compared to one or three month old subjects.21 Yet, our study is the first to describe the 
lack of change in speckle tracking strain parameters using a prospective study design. 
Furthermore, radial strain was assessed, in addition to longitudinal and circumferential strain, in 
our study.  
LV peak systolic longitudinal strain has been previously assessed in neonates using TDI 
derived strain parameters.22 In contrast to our study,  a significant decrease was observed in LV 
peak systolic longitudinal strain within the first month after birth in this study.22 These contrasting 
results may be explained by the use of TDI derived peak strain measurements, instead of speckle 
tracking strain derived parameters, in the study by Pena et al.22 Considering previously described 
growth-dependence of TDI parameters, the TDI derived strain parameters may also be influenced 
by (cardiac) growth. Furthermore, echocardiograms were obtained within the first 24 hours after 
birth in these subjects, a period in which hemodynamic changes are more prominent than 1-3 
days postnatally, as elaborately discussed below.  
 
Considering previously described significant changes in parameters describing (cardiac) growth 
during follow-up, the absence of changes in global peak strain parameters in our study suggests 
no relation between these parameters and age. A lack of relation between parameters describing 
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cardiac growth and strain parameters is in line with most previous studies in children and fetuses. 
While Marcus et al.23 described a significant correlation between age and strain in healthy 
children, no significant correlation was observed in two other studies in the pediatric age 
group.12,24 Furthermore LV strain parameters have been described to be stable during 
gestation.25,26 The stability of LV speckle tracking strain parameters during the first few weeks to 
months of life may render this technique particularly valuable in evaluation of LV systolic 
performance during periods of significant growth, such as the fetal and neonatal period.  
 
Diastolic performance  
Current results revealed significant changes in LV diastolic TDI parameters 1-3 days compared to 
6-7 weeks after birth. These results are in line with previous studies in healthy neonates and 
infants, which described an increase in LV E’ and decrease in LV E/E’ up to six months after 
birth.6,7   
Similar to changes in LV systolic performance parameters, changes in diastolic TDI 
parameters may in part be caused by (cardiac) growth. However, an additional influence of 
alterations in LV diastolic performance on the observed changes in diastolic TDI parameters is 
also probable. This hypothesis is supported by the observed increase in MV E during follow-up in 
our study, and in several previous studies in healthy neonates and infants using Doppler flow 
imaging to describe LV diastolic performance.3,27 In these studies, the changes in Doppler flow 
parameters were suggested to be the result of an increase in LV diastolic performance up to 6 
months after birth. Decreasing pulmonary vascular resistance and adjustments of the collagen 




The sample size of this prospective follow-up study was relatively small. This limits the power of 
our analyses of the correlation between the percentile change in TDI parameters and the 
percentile change in parameters describing (cardiac) growth. Accordingly, a study with a larger 
sample size, which specifically focuses on this association, is necessary to check our suggestion 
of a significant influence of (cardiac) growth on changes observed in TDI parameters in neonates 
and young infants.  
 As the heart transfers from the fetal to neonatal circulation important hemodynamic 
alterations occur, which may influence echocardiographic parameters. The direction of shunting 
through the ductus arteriosus changes and the ductus arteriosus closes.22 In addition, the 
pulmonary vascular resistance decreases, stimulating pulmonary blood flow, and the systemic 
vascular resistance increases.22 These changes lead to alterations in loading conditions, including 
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an increase in LV preload and afterload.22 As both TDI parameters and speckle tracking strain 
parameters may be affected by acute loading alterations, this may cloud correct interpretation of 
echocardiographic results. Furthermore, the functional capacity of the LV may be transiently 
affected by occult myocardial injury during the transition period, as suggested by a recent study 
comparing fetal and neonatal TDI parameters.29 Yet, the most prominent hemodynamic changes 
take place within the first 24 hours after birth. Accordingly, to minimize the influence of postnatal 
hemodynamic changes the first echocardiogram was performed more than 24 hours after birth.  
In the present study we focused solely on the left ventricle. However, right ventricular 
(RV) TDI parameters have also been described in neonates and infants. An increase in RV S’ 
was observed within the first week after birth.7 Furthermore, RV S’, E’ and A’ parameters 
significantly increased in time within the first year after birth.6 Hence, these results suggest that 
RV TDI parameters also increase after birth, which may be the result of (cardiac) growth as well. 
Yet, this conclusion remains highly speculative and future studies should be conducted to check 




A significant increase was observed in LV systolic and diastolic TDI parameters in healthy 
subjects 1-3 days versus 6-7 weeks after birth. This could be caused by an ongoing increase in 
LV performance. Yet the possible (cardiac) growth-dependence of TDI parameters in combination 
with the significant changes observed in parameters describing cardiac growth in neonates and 
infants suggests that the observed changes may in part be growth-related. In contrast to TDI 
parameters, no significant changes were observed in speckle tracking strain derived global peak 
strain parameters during our follow-up. This stability may render this technique particularly 
valuable in evaluation of LV systolic performance during periods of significant growth, such as the 
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Background Parameters describing intraventricular time differences are increasingly assessed in 
both adults and children. However, to appreciate the implications of these parameters in children, 
knowledge of the applicability of adult techniques in children is essential. Hence, the aim of this 
study was to assess the applicability of speckle-tracking strain-derived parameters in children, 
paying special attention to age and heart rate dependency. 
Methods One hundred eighty-three healthy subjects (aged 0-19 years) were included. Left 
ventricular global peak strain, time to global peak strain, and parameters describing 
intraventricular time differences were assessed using speckle-tracking strain imaging in the apical 
two-chamber, three-chamber, and four-chamber views (longitudinal strain) and the parasternal 
short-axis view (radial and circumferential strain). Parameters describing intraventricular time 
differences included the standard deviation of time to peak strain and differences in time to peak 
strain between two specified segments. Age and heart rate dependency were evaluated using 
regression analysis, and intraobserver and interobserver variability were tested.  
Results Acquisition and analysis of longitudinal six-segment time-strain curves was successful in 
94.8% of subjects and radial and circumferential time-strain curves in 89.5%. No clinically 
significant linear relation was observed between age or heart rate and parameters describing 
intraventricular time differences. The coefficient of variation of time to global peak strain 
parameters was <10, while it was >10 for parameters describing intraventricular time differences.  
Conclusions The feasibility of speckle-tracking strain analysis in children is relatively good. 
Furthermore, no linear relation was observed between age or heart rate and parameters 
describing intraventricular time differences. However, the limited reproducibility of some 





Normal left ventricular (LV) myocardial motion involves a synchronous movement.1 Disturbance of 
this coordinate wall motion can result in inefficient pump function, which may lead to depressed 
LV systolic properties and heart failure.2 To evaluate this possible pathophysiological 
phenomenon, several techniques have been introduced to assess intraventricular time 
differences.3 The ultimate goal of these techniques is to detect cardiac dyssynchrony and to 
predict response to cardiac resynchronization therapy (CRT) as therapy for heart failure. Although 
electrical dyssynchrony has been proven to be useful, the realization of these goals for 
mechanical dyssynchrony is still a long way off. Even in adults, there is still considerable debate 
about the need and optimal method to detect mechanical dyssynchrony for CRT therapy.4 
Nevertheless, from a pathophysiological point of view, the description of intraventricular time 
differences is certainly interesting, as increased time differences have been shown in several 
groups of adult patients with heart failure compared with healthy controls.5,6  
 
Recently, intraventricular time differences were also evaluated in children, and significantly higher 
time differences were observed in pediatric cardiomyopathy patients compared with controls.7,8 
Furthermore, the observed intraventricular time differences correlated to the severity of LV 
dysfunction.9 These studies may imply the presence of dyssynchrony in pediatric patients with 
heart failure.  
However, it is difficult to appreciate the meaning of these findings without knowledge of 
the applicability of techniques used in adults to describe intraventricular time differences in 
children. For example, age and heart rate variations, which are more pronounced in children, may 
demand for corrections.  
 
Speckle-tracking strain analysis is one of the techniques often used in adults to assess LV 
intraventricular time differences.10 In children, studies defining normal values, age and heart rate 
dependency and reproducibility of speckle-tracking strain-derived time to peak strain are 
limited.11,12 Although some studies have touched on these topics, a solid analysis in a sizable 
group of healthy children is scarcely available. 
Accordingly, the objective of the present study was to provide more insight into the applicability of 
LV speckle-tracking strain-derived parameters describing intraventricular time differences and 
time to peak strain in children. In addition, special attention was paid to the age and heart rate 







All consecutive healthy children (aged 1 month to 19 years) who were referred to the Leiden 
University Medical Center with an asymptomatic, innocent heart murmur, cardiac palpitations, or 
idiopathic chest pain were prospectively evaluated for inclusion in our study. Subjects were 
eligible for inclusion if routine echocardiographic evaluation showed structurally normal hearts and 
normal cardiac function.13 Furthermore, to affirm that the subjects were in general good health, a 
physical examination was performed and the medical history was checked. Children using 
medication or in whom any type of chronic disease had been diagnosed were not eligible for 
inclusion. Approval for this study was obtained from the institutional review board, and written 
informed consent was obtained from the children and/or their parents.   
Demographic parameters including age, body weight, length, sex, body surface area, 
and body mass index were documented at study inclusion. Furthermore, a 12-lead 
electrocardiogram was made in every subject. On the electrocardiogram, QRS duration and 
corrected QT interval (QTc= QT / √RR) were measured in milliseconds. Two-dimensional 
echocardiography including speckle-tracking strain imaging was performed in all subjects to 
define the normal ranges of LV strain, time to peak strain and intraventricular time differences.  
 
Echocardiography  
Echocardiography was performed using a General Electric Vingmed Vivid 7 scanner (General 
Electric Vingmed Ultrasound AS, Horten, Norway). All recordings were performed while the 
subject was in sinus rhythm with stable heart rate. Images were stored in a digital format for off-
line analysis using EchoPAC software version 11.1.8 (GE Vingmed Ultrasound AS). 
In each subject, M-mode recordings of the LV long axis were recorded. Furthermore, 
Doppler flow recordings of the LV outflow tract were recorded to determine aortic valve closure, 
which was identified by the delineation of the aortic valve click. Finally, two-dimensional grayscale 
harmonic images of the apical two-chamber, three-chamber and four-chamber views and images 
of the parasternal short-axis view at the level of the papillary muscle were recorded. Each image 
consisted of at least three consecutive cardiac cycles. Images were obtained with optimized 
sector width and frame rate (preferably 60-80 frames/sec). A frame rate < 60 frames/sec was only 
accepted if the heart rate was lower than 80 beats/min.  
Using Simpson’s biplane method of discs LV ejection fraction was calculated from the 






Speckle-tracking strain imaging 
Global peak strain, time to global peak strain, and LV intraventricular time differences in healthy 
children were studied with speckle-tracking strain imaging in the apical two-chamber, three-
chamber and four-chamber views (longitudinal strain) and in the parasternal short-axis view 
(radial and circumferential strain).  
To allow speckle-tracking strain analysis, manual endocardial border tracing at  
end-systole was used to set the region of interest in the two-dimensional grayscale images. 
Subsequently, the region of interest was automatically divided into six segments for further 
analysis. In the four-chamber view this included the basal, mid and apical segments of the LV 
lateral wall and of the interventricular septum. The two-chamber view was divided into basal, mid 
and apical segments of the LV inferior and anterior wall. In the three-chamber view the segments 
included basal, mid and apical segments of the LV posterior and anteroseptal wall. Finally, the 
short axis image was divided into a septal, anteroseptal, anterior, lateral, posterior and inferior 
segments to evaluate both radial and circumferential strain. In each segment, tracking quality was 
automatically evaluated, and this resulted in automatic rejection or acceptation of the segment. 
Although the observer could override this automatic decision on the basis of visual evaluation15, 
this was used very conservatively. Accordingly, if a segment was rejected, tracking was further 
optimized by visual reevaluation. If all six segments were accepted by the observer, the analysis 
was judged successful. 
Data obtained by speckle-tracking were displayed in longitudinal time-strain curves for 
each segment in the two-chamber, three-chamber or four-chamber view and radial and 
circumferential time-strain curves for each segment in the short axis image (Figure 1).16,17 From 
these time-strain curves, segmental peak strain was obtained. Peak strain was defined as the 
highest strain value at any time point during one cardiac cycle. In addition, segments that had 
peak strain after aortic valve closure in the longitudinal four-chamber view were identified. In 
these segments, the absolute difference between strain at aortic valve closure and peak strain at 
any point in the cardiac cycle was assessed. To assure reliability of this analysis, heart rates had 
to be similar when measuring aortic valve closure and the images taken for strain measurements. 
Finally, time to peak strain was assessed in each segmental time-strain curve using the beginning 












































tracking strain analysis 
of longitudinal, radial and 
circumferential strain 
 
Panel A. The top left 
corner shows a grayscale 
harmonic image of the 
apical four-chamber view. 
The region of interest is set 
and divided into six 
segments. Time-strain 
curves of each segment 
(colored lines) and global 
time strain curves (dotted 
line) are shown on the 
right-hand side. Peak 
strain (top of each curve) 
and time to peak strain 
(horizontal arrow) were 
consequently derived from 
all time-strain curves.  
Panel B and C. The top 
left corner shows a 
grayscale harmonic image 
of the short-axis view. The 
region of interest is divided 
in 6 segments and 
corresponding time-strain 
curves for radial (B) and 
circumferential (C) strain 
are derived. Subsequently, 
peak strain (top of each 
curve) and time to peak 
strain (horizontal arrow) 





Individual peak strain and time to peak strain measurements were subsequently combined in 
several models. For longitudinal strain these models included segments of the four-chamber (six 
segments), four-chamber and two-chamber (12 segments) and four-chamber, three-chamber, and 
two-chamber (18 segments) views, respectively. For radial and circumferential strain, these 
models each included the six segments of the short-axis view. Global peak strain parameters 
were calculated as the mean of the peak strain measurements in one model. Time to global peak 
strain parameters were calculated as the mean of the time to peak strain measurements in one 
model. 
Furthermore, parameters describing intraventricular time differences were calculated, 
including the standard deviation of time to peak strain of several segments (SDt) and the 
differences in time to peak strain between two specified segments.18,19 To describe longitudinal 
intraventricular time differences, the six-segment, 12-segment and 18-segment models were used 
to calculate the standard deviation, yielding longitudinal SDt-6, SDt-12 and SDt-18 parameters. 
Furthermore, the difference in time to peak strain between the interventricular septum and the 
basal LV lateral wall (septal-lateral [S-L] delay) was determined to describe longitudinal 
intraventricular time differences. Radial time-strain curve-derived parameters describing 
intraventricular time differences included the radial SDt-6 and the difference in time to peak strain 
between the anteroseptal and posterior segment (anteroseptal posterior [AS-P] delay).20 Finally, 
regarding circumferential strain, parameters describing intraventricular time differences included 
circumferential SDt-6 and circumferential AS-P delay.20  
 Intraobserver and interobserver variability were determined in 39 randomly selected 
subjects. To assess intraobserver variability, the first observer (LMK) generated time-strain 
curves anew from the images ≥ 3 months after the first evaluation. Interobserver variability was 
assessed by comparing the results of the first observer (LMK) with results of a second observer 




Normally distributed continuous data are expressed as mean ± SD. Not normally distributed data 
are expressed as median (interquartile range). The relations of QRS and QTc duration with 
intraventricular time differences were evaluated using scatter plots and Pearson’s correlation 
coefficient. This was also used to evaluate the correlation between longitudinal SDt-6, and SDt-12 
and SDt-18, respectively.  
Furthermore, the influence of age and/or heart rate on echocardiographic 
measurements, including global peak strain, time to global peak strain and intraventricular time 
differences, was evaluated using univariate and multivariate linear regression analysis. Heart rate 
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Figure 2. Bland-Altman plots describing interobserver 
variability of longitudinal SDt-6 and radial AS-P-delay  
 
AS-P delay, anteroseptal-posterior delay; ms, milliseconds; SDt-6, 
standard deviation of time to peak strain of the six segment model.  
 
was evaluated using two different parameters, including RR and √RR. Finally, interobserver 
variability was evaluated using Bland Altman analysis (including mean bias and 95% limits of 
agreement) and the coefficient of variation. For this analysis only the first measurement of 
observer 1 was used. The coefficient of variation was calculated as follows: (standard deviation of 
the difference between the measurements of the two observers) / (mean of all measurements) * 
100%. Intraobserver variability was evaluated using the intraclass correlation coefficient. All 
statistical analyses were performed using SPSS (IBM Corp, Armonk, New York), with p values 





A total of 183 subjects were eligible for inclusion in our study. After echocardiographic evaluation, 
11 subjects were excluded on the basis of poor echo windows, leaving a total of 172 subjects (98 
male) for further evaluation. Subject characteristics and conventional echocardiographic 
parameters are presented in Table 1. Age and √RR were significantly correlated (R2 = 0.73).  
Frame rates ranged from 44 to 155 frames/sec. The median frame rate in the short-axis 
view was 77 frames/sec and the median frame rates in the two-chamber, three-chamber and four-
chamber views were 76, 76 and 77 frames/sec, respectively. Acquisition and analysis of good-
quality longitudinal four-chamber view time-strain curves succeeded in 94.8% of the subjects 
(n=163) and radial and circumferential time-strain curves in 89.5 % of the subjects (n=154). Of the 
111 subjects with good quality two-chamber views, analysis succeeded in 85.6 % of the subjects 
(n=95). Finally of the 104 subjects with good quality three-chamber views, analysis succeeded in 
86.5 % of the subjects (n=90). The results of the intraobserver and interobserver variability 




















































































































































































































































































































































































































































































































































Table 2. Intraobserver and interobserver variability 
AS-P delay, anteroseptal-posterior delay; CV, Coefficient of variation; S-L delay, septal-lateral delay; 














95% limits of 
agreement  
 
Global peak strain        
Longitudinal six-segment model  0.79  0.0 -4.1 – 4.1 10 
Radial  0.72  -3.8 -27.9 – 20.3 24 
Circumferential  0.67  1.2 -4.5 – 6.9 13 
Time to global peak strain        
Longitudinal six-segment model  0.96  8.6 -29.6 – 46.8 6 
Radial  0.93  12.7 -37.1 – 62.5 8 
Circumferential  0.96  2.0 -35.0 – 39.0 6 
Intraventricular time differences        
Longitudinal  S-L delay  0.55  -4.4 -55.9 – 47.1 86 
                                      SDt-6  0.66  -0.04 -21.4 – 21.3 38 
Radial     AS-P delay  0.36  -9.1 -66.7 – 48.5 93 
                                        SDt-6  0.57  -1.8 -27.7 – 24.1 70 
Circumferential  AS-P delay  0.37  -9.4 -99.2 – 80.4 107 




Global peak strain 
Global peak longitudinal, radial and circumferential strain data as assessed in the left ventricles of 
our normal population are summarized in Table 3. Using linear regression, no linear relation was 
observed between age and most global peak strain parameters, except for a weak correlation 
























In our study population, postsystolic shortening was present in 45 % of segments. The median 
absolute difference between peak systolic strain and strain at aortic valve closure was 1.30 % 
(range, 0.06%-9.7%). 
Figure 3. Scatterplots of LV global peak strain parameters versus age in healthy subjects  
 
SDt-6, SDt-12 and SDt18, standard deviation of time to peak strain of the 
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-20.3 ± 3.1 
 
-22.8 ± 2.4 
 
-21.9 ± 2.1 
 
-20.5 ± 2.2 
 




-20.8 ± 3.2 
 
-23.5 ± 1.4 
 
-23.3 ± 2.3 
 
-21.8 ± 2.0 
 




-20.6 ± 3.1 
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-23.1 ± 2.2 
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-20.8 ± 1.8 
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40.5 ± 13.5 
 
49.8 ± 13.7 
 
55.0 ± 11.2 
 
49.6 ± 14.8 
 




-21.7 ± 4.7 
 
-22.1 ± 3.6 
 
-23.1 ± 2.7 
 
-22.8 ± 3.6 
 
-21.6 ± 1.3 
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odel        260 ± 23 
 
325 ± 28 
 
365 ± 28 
 
396 ± 33 
 




262 ± 16 
 
325 ± 26 
 
358 ± 28 
 
386 ± 27 
 




262 ± 13 
 
326 ± 23 
 
357 ± 27 
 
387 ± 21 
 
364 ± 16 
R
adial 
260 ± 37 
 
323 ± 30 
 
355 ± 24 
 
382 ± 42 
 




242 ± 23 
 
311 ± 25 
 
340 ± 26 
 
364 ± 36 
 
359 ± 41 
D
ata are expressed as m
ean ± SD. 
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Time to global peak strain 
Table 3 summarizes our normal data of time to global peak longitudinal, radial and circumferential 
strain in the LV. A quadratic relationship with both age and heart rate was observed for most time 





























LV intraventricular time-difference  
Table 5 describes the normal values and variability of parameters describing LV intraventricular 
time differences in the normal pediatric population included in our study. The correlations between 
Figure 4. Scatterplots of LV SDt-parameters versus age in healthy subjects  
 
SDt-6, SDt-12 and SDt18, standard deviation of time to peak strain of 
the six, 12 and 18 segment models respectively.  
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longitudinal SDt-6 and longitudinal SDt-12 and SDt-18 respectively were significant (SDt-6 and 
SDt-12: R2 =0.64, p<.001; SDt-6 and SDt-18: R2=0.58, p<.001).  
Univariate linear regression analysis of parameters describing intraventricular time 
differences with age and √RR respectively yielded no significant correlations for most parameters. 
(Figures 4, 5 and 6) Only between age and √RR and longitudinal SDt-parameters were weak 
correlations observed. (Figures 4 and 5) A similar lack of correlation was observed if using RR in 
stead of √RR in the analyses. Subsequent multivariate regression analysis including both age and 
√RR for longitudinal derived SDt-parameters yielded only a significant contribution of √RR (SDt-6: 
age p=.996, √RR p=.008 ; SDt-12: age p=.882, √RR: p=.018 ; SDt-18: age p=.204, √RR: p=.076).  
 Analysis of the correlation between QRS respectively QTc duration with parameters 
describing intraventricular time differences also yielded no significant correlations, except for a 
weak correlation between QRS duration and longitudinal SDt-parameters (SDt-6:R2=0.06, p=.004; 




The present study provides normal values and feasibility and reproducibility analyses of 
longitudinal, radial and circumferential speckle-tracking strain-derived parameters, assessed in 
the left ventricles of a healthy pediatric population. One of the main findings was the lack of a 
relation between age and/or heart rate and most speckle-tracking strain-derived parameters 
describing intraventricular time differences in children.  
 
Speckle-tracking strain imaging 
As stated in the introduction, a multitude of noninvasive imaging techniques have been introduced 
to describe time to peak strain and intraventricular time differences. The use of these techniques 
to identify patients for CRT, the ultimate goal of these measurements, has not been sufficiently 
proven.21 Hence, no gold standard has been presented yet, although several techniques seem to 
be of value.  
 From this multitude of techniques, we evaluated the applicability of speckle-tracking 
strain-derived parameters. Compared with tissue Doppler imaging, speckle-tracking strain 
imaging has the advantage of angle independence and insusceptibility to translational and 
tethering motion.22 Furthermore, image acquisition for speckle-tracking strain analysis is relatively 
fast and possible without sedation. Especially in children, these are important advantages of 
speckle-tracking strain imaging compared with magnetic resonance imaging.23 The present set of 
parameters describing intraventricular time differences was selected because these parameters 
are commonly used in adults18,20 and feasible in children.11  
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To further assess the applicability of speckle-tracking strain-derived parameters in 




In children, acquisition of images with high–quality images to allow speckle-tracking strain 
analysis is challenging. This is mainly due to inability of young children to cooperate or to poor 
echocardiographic windows. However, in our study, only 11 subjects were excluded because of 
poor echocardiographic windows. Furthermore, in almost 90 % of the included subjects 
longitudinal, radial and circumferential speckle-tracking strain analysis was possible. The 
feasibility of two-chamber and three-chamber derived speckle-tracking strain analysis was slightly 
less (85.6% and 86.5% respectively). These numbers are in line with published values in 
adults18,20 and the results of a recently published retrospective analysis in children.11 Furthermore, 
in the present study, we chose to acquire echocardiographic images without sedation. With the 
use of sedation, feasibility may even be higher. Accordingly, our prospective analysis 
demonstrates that the feasibility of speckle-tracking strain analysis in children is relatively good 




Table 4. Multivariate regression analysis of age and heart rate with time to global peak strain 
parameters 




Time to global peak strain (msec)  Formula multivariate regression analysis 
Longitudinal six-segment model          Y = -230 + 7.6*age - 0.4*age
2 + 1065*√RR – 461*RR  
Longitudinal 12-segment model   Y = -455 + 1652*√RR – 810*RR
  
Longitudinal 18-segments model  Y = -271 + 6.8*age – 0.3*age
2 + 1222*√RR – 601*RR  
Radial   Y = -198 + 6.8*age - 0.3*age
2 + 1003*√RR – 449 *RR  
Circumferential   Y = -218 + 7.7*age - 0.4*age2 + 1015*√RR – 460*RR  
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Age and heart rate dependency 
In pediatric subjects, anthropometric parameters and heart rate considerably change with 
advancing age. Therefore, it is important to consider the relation of both age and heart rate to 
speckle-tracking strain-derived time to peak strain parameters and parameters describing 
intraventricular time differences in the pediatric population. From present univariate and 
multivariate linear regression analyses, including both age and heart rate (√RR), it can be 
deduced that time to global peak strain is related to age and heart rate. In contrast, most 
parameters describing intraventricular time differences, except longitudinal SDt-parameters, are 
not influenced by either age or heart rate. The relation between longitudinal strain-derived SDt-
parameters and √RR is statistically significant, but considering the relatively low R2-values of 

























Figure 5. Scatterplots of LV SDt-parameters versus √RR in healthy subjects 
 
SDt-6, SDt-12 and SDt18, standard deviation of time to peak strain of the six, 




Recently it was emphasized that a decrease in heart rate leads to an increase in not only diastolic 
but also systolic duration.24 This may clarify why time to global peak strain, which assesses 
primarily a systolic phenomenon, is related to heart rate.  
Previous studies describing the relation between intraventricular time differences and 
age have shown varying results.6,11,15 Marcus et al11 reported correlations between age and 
longitudinal, radial and circumferential SDt-parameters, whereas no correlation was observed by 
Ng et al.15 A solid analysis of this relation is difficult because of the different possibilities in heart 
rate corrections and the interdependency of age and heart rate. In the present study, we chose 
not to correct our parameters describing time to peak strain for √RR when calculating parameters 
describing intraventricular time differences. The lack of correlation between √RR and the 
parameters describing intraventricular time differences supports this approach. Yet several 
previous studies in both adults and children have corrected time to peak strain parameters for 
heart rate, by dividing these parameters by the √RR, before the calculation of parameters 
describing intraventricular time differences.11,25 Considering a possible overcorrection for heart 
rate by this approach26 and the high correlation between age and heart rate (R2=0.73) observed in 
our study, this correction may insert age dependency in the corrected variable. This may explain 
the contrasting results of the relation of parameters describing intraventricular time differences 
and age in previous studies. Accordingly, from the analysis in the present study, it can be 
concluded that parameters describing intraventricular time differences need not be corrected for 

















Figure 6. Scatterplots of LV S-L delay and AS-P delay parameters versus √RR in 
healthy subjects 
 





    Age (y)   
 Variable <1 1-4 5-9 10-14 15-19 
Longitudinal S-L delay  37 ± 22 35 ± 29 29 ± 27 28 ± 22 40 ± 37 
 (msec) (59 ± 35)  (47 ± 39) (34 ± 31) (31 ± 24) (42 ± 38) 
       
  SDt-6  25 ± 8 30 ± 6 29 ± 8 33 ± 10 36 ± 9 
 (msec) (39 ± 12 ) (40 ± 8) (35 ± 9) (35 ± 10) (38 ± 9) 
       
 SDt-12  24 ± 8 30 ± 5 31 ± 6 34 ± 9 35 ± 9 
 (msec) (39 ± 12) (40 ± 8) (38 ± 6) (36 ± 9) (37 ± 10) 
       
 SDt-18  24 ± 6 28 ± 4 31 ± 6 37 ± 6 35 ± 7 
 (msec) (38 ± 10) (37 ± 6) (37 ± 7) (39 ± 7) (37 ± 9) 
Radial AS-P delay  29 ± 21 30 ± 25 28 ± 26 28 ± 24 23 ± 27 
 (msec) (47 ± 35) (39 ± 32) (34 ± 31) (30 ± 25) (24 ± 29) 
       
  SDt-6  17 ± 11 20 ± 10 17 ± 11 18 ± 11 14 ± 12 
 (msec) (27 ± 17) (26 ± 13) (20 ± 14) (19 ± 12) (16 ± 13) 
Circumferential AS-P delay  29 ± 23 49 ± 35 39 ± 30 29 ± 32 54 ± 42 
 (msec) (45 ± 36) (66 ± 47) (47 ± 36) (31 ± 34) (58 ± 43) 
       
  SDt-6  19 ± 10 30 ± 13 28 ± 14 24 ± 14 31 ± 15 






Table 5. Speckle-tracking strain-derived parameters describing intraventricular time differences 
All uncorrected parameters are expressed as mean ± SD. Parameters corrected for heart rate, by dividing 
by √RR (seconds), are presented as mean ± SD in parenthesis. 
AS-P delay, anteroseptal-posterior delay; ms, milliseconds; S-L delay, septal-lateral delay; SDt-6, SDt-12 




Intraobserver and interobserver variability 
Our intraobserver and interobserver variability of longitudinal and circumferential global peak 
strain and time to global peak strain indicated relatively good reproducibility. Although acceptable, 
the interobserver characteristics of radial global peak strain and radial time to global peak strain 
were considerably poorer. These results show a similar trend as previously observed in studies 
with adult subjects.27 Furthermore, the present reproducibility analysis of global peak strain 
parameters yielded results similar to those of the only other study in pediatric subjects that 
presented reproducibility characteristics.28 
 In contrast, the results of our intraobserver and interobserver analyses of parameters 
describing intraventricular time differences are worrisome. Poor reproducibility was especially 
shown for the longitudinal SL-delay and radial and circumferential AS-P delay, while SDt-
parameters had better reproducibility. Possibly the larger number of segments included in the 
calculation of SDt-parameters compared with the delay parameters (six to 18 versus two 
segments) augments the reproducibility. From the parameters describing intraventricular time 
differences studied, longitudinal SDt-6 had the best reproducibility. The reproducibility of speckle-
tracking strain-derived parameters describing intraventricular time differences is not widely 
published, with no previous reports of reproducibility in children, to our knowledge. However 
existing literature, including one study by Delgado et al18 in adult patients with heart failure, shows 
a similar trend in adults. This is an important consideration when evaluating the clinical 
perspective of these parameters, as described below. 
 
Clinical perspective  
The present results for parameters describing intraventricular time differences in a sizable group 
of healthy pediatric subjects could be a useful contribution to the evaluation of the clinical 
applicability of these parameters.  
The relatively high feasibility in most views with speckle-tracking strain analysis in 
pediatric subjects is promising. Yet the additive value of longitudinal 12-segment and 18-segment 
models, including segments of the two-chamber and three-chamber longitudinal views, is 
uncertain on the basis of present results. The feasibility of two-chamber and three-chamber 
derived speckle-tracking strain parameters was slightly less. Furthermore, similar means and 
standard deviations were observed for all three parameters, and a moderate correlation was 
observed between longitudinal SDt-6, SDt-12 and SDt-18. These results suggest relatively high 
similarity in these parameters. However our results in healthy children do not exclude additive 
value in pediatric patients with significant dyssynchrony.  
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Furthermore, the age and heart rate independency of most parameters describing 
intraventricular time differences, facilitates their possible use in clinical practice in pediatric 
subjects. In adults, the clinical use of parameters describing intraventricular time differences is 
mainly searched for in the prediction of CRT as therapy for heart failure.4 In the future, parameters 
describing intraventricular time-difference, possibly in a multivariable approach with other 
measurements, may also be used in pediatric heart failure patients to predict CRT. In that case, 
age and heart rate independency will allow a uniform cut-off value in the pediatric population.  
Yet present normative data are a long way from predicting which patients with LV 
dysfunction may respond to CRT. Although expectations were high, even in adult studies, none of 
the parameters describing intraventricular time differences have proven to be of use to predict 
CRT thus far.29 Furthermore, a separate analysis of intraventricular time differences in pediatric 
heart failure CRT responders versus nonresponders is necessary to provide more insight into this 
prediction. Finally, the present observation of limited reproducibility of parameters describing 
intraventricular time differences in children will confine their use in clinical practice.  
The reproducibility of longitudinal S-L delay and radial and circumferential AS-P delay is 
especially worrisome. The low reproducibility in combination with the wide interquartile ranges of 
these parameters will reduce their usefulness to detect deviations from normal. Hence, we do not 
recommend the use of these delay parameters in clinical practice. 
The present results of the intraobserver and interobserver analysis of SDt-parameters in 
healthy children also place reservations on the use of these parameters in children with increased 
dyssynchrony (e.g. patients with heart failure). However, any suggestion regarding the value of 
these parameters in children with increased dyssynchrony remains speculative on the basis of the 
present results. Accordingly, a large study in pediatric patients with heart failure is important and 
is needed to further evaluate the value of these SDt-parameters.  
 
Limitations 
In the present study, some studies are performed with relatively low frame rates. The 
recommended frame rate for speckle-tracking strain analysis in adults is 60 to 80 frames/sec with 
frames rates of 40 to 90 frames/sec also acceptable.23 For children recommendations have not 
previously been made. However, especially in children with high heart rates low frame rates are 
undesirable because this may result in undersampling and poor tracking. Therefore, a frame rate 
l< 60 frames/sec was only accepted if the heart rate was < 80 beats/min. 
 The present results do not provide undisputable normal-values of speckle-tracking 
strain-derived parameters in children. It has previously been described that machines of different 
vendors produce different values for speckle-tracking strain-derived parameters.30 Furthermore, 
the present results regarding the reproducibility and variability of parameters describing 
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intraventricular time differences could be different using different techniques to acquire strain. For 
example with tissue Doppler imaging, strain is derived from strain rate and velocities, whereas 
with speckle-tracking strain imaging, strain is derived from displacement of speckles.31 Yet in our 
opinion, the present results do give more insight into the applicability of LV speckle-tracking 
strain-derived parameters in children. 
  Finally, it must be noted that the present sample was not a true sample of the normal 
population, as subjects were referred to the cardiac clinic. Nevertheless, by including only 
subjects who showed structurally normal hearts and normal cardiac function on 
echocardiographic examination and by an additional physical examination and check of the 




The present study establishes reference values for speckle-tracking strain-derived parameters of 
the LV, including time to global peak strain and several parameters describing intraventricular 
time differences. Age and heart rate were not related to parameters describing intraventricular 
time differences during childhood. However, although this observation facilitates the use of 
speckle-tracking strain-derived parameters, the limited reproducibility will confine the use of the 
longitudinal S-L delay and radial and circumferential AS-P delay in clinical practice in children. 
The present results for SDt-parameters in healthy children also place reservations on the use of 
these parameters in clinical practice in children with increased dyssynchrony (e.g. patients with 
heart failure). Accordingly, a large study in pediatric heart failure patients is important and needed 
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Cardiac surgery with cardiopulmonary bypass is associated with the development of a systemic 
inflammatory response, which can lead to myocardial damage. However, knowledge concerning 
the time course of ventricular performance deterioration and restoration after correction of a 
congenital heart defect (CHD) in pediatric patients is sparse. Therefore, the authors peri-
operatively quantified left ventricular (LV) and right ventricular (RV) performance using 
echocardiography. Their study included 141 patients (0-18 years) undergoing CHD correction and 
40 control subjects. The study assessed LV systolic performance (fractional shortening) and 
diastolic performance (mitral Doppler flow) in combination with RV systolic performance [tricuspid 
annular plane systolic excursion (TAPSE)] and diastolic performance (tricuspid Doppler flow). 
Additionally, systolic (S’) and diastolic (E’,A’,E/E’) tissue Doppler imaging (TDI) measurements 
were obtained at the LV lateral wall, interventricular septum and RV free wall. Echocardiographic 
studies were performed preoperatively, 1 day postoperatively and at hospital discharge after 9 ± 5 
days.  
Although all LV echocardiographic measurements showed a deterioration 1 day after 
surgery, only LV TDI measurements were impaired in patients at discharge versus control 
subjects (S’:5.7 ± 2.0 versus 7.1 ± 2.7cm/s, E’:9.8 ± 3.9 versus 13.7 ± 5.1cm/s, E/E’:12.2 ± 6.4 
versus 8.8 ± 4.3; P<0.05). In the RV, TAPSE and RV TDI velocities also were impaired in patients 
at discharge versus control subjects (TAPSE:9 ± 3 versus 17 ± 5mm, S’:5.2 ± 1.7 versus 11.4 ± 
3.4cm/s, E’:7.3 ± 2.5 versus 16.3 ± 5.2cm/s, E/E’:12.5 ± 6.8 versus 4.8 ± 1.9;P<0.05). 
Furthermore, longer aortic cross-clamp times were associated with more impaired postoperative 
LV and RV performance (p<0.05). In conclusion, both systolic and diastolic biventricular 
performance were impaired shortly after CHD correction. This impairment was detected only by 
TDI parameters and TAPSE. Furthermore, a longer-lasting negative influence of cardiopulmonary 







Cardiac surgery with cardiopulmonary bypass (CPB) causes a systemic inflammatory response, 
which can lead to dysfunction of major organs including myocardial damage.1 Hence, decreased 
cardiac performance has been shown following surgery with CPB.2 Furthermore, other peri- and 
postoperative factors may induce changes in ventricular function shortly after cardiac surgery 
including the surgical manipulation itself, preexisting myocardial abnormalities, and the need for 
inotropic support.3 Patients undergoing correction of a congenital heart defect (CHD) constitute a 
large subgroup of pediatric patients undergoing cardiac surgery with use of CPB. Decreased 
ventricular performance on postoperative day 1 has been shown in CHD patients.4 However, 
knowledge concerning the time course of ventricular deterioration and the persistence of 
decreased ventricular performance in the postoperative period until discharge from the hospital is 
sparse. Available studies are limited in sample size 4,5 and are restricted to the first postoperative 
day 4 or to long-term follow-up evaluation.6  
With the advent of echocardiographic techniques it currently is possible to detect 
changes in cardiac performance before the onset of clinical heart failure.7 Tissue Doppler imaging 
(TDI) is an echocardiographic technique that permits the direct quantification of myocardial 
velocities. This may allow more subtle changes in cardiac performance to be recognized 
compared with other echocardiographic techniques, including mitral and tricuspid valve spectral 
Doppler flow parameters 8,9 and fractional shortening (FS).10 
This study evaluates the changes in biventricular performance in children after surgical 
CHD correction using transthoracic echocardiography, including TDI. Furthermore, the influence 
of various peri- and postoperative parameters on postoperative left ventricular (LV) and right 





The study included patients aged 0-18 years undergoing surgical correction of their CHD with the 
use of CPB. Patients with a univentricular heart were excluded from the study. Transthoracic 
echocardiography, including TDI, was performed in patients preoperatively, 1 day postoperatively, 
and at hospital discharge to establish a short-term follow-up evaluation.  
To evaluate roughly the influence of different cardiac defects on postoperative 
measurements, we divided the study population into patients with significant left-to-right shunting 
(e.g. atrial septal defect, ventricular septal defect or atrioventricular septal defect) and patients 
without a significant left-to-right shunt (e.g. pulmonary stenosis, aortic stenosis, or transposition of 
the great arteries). In addition to patients, a group of age-matched healthy children underwent 
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transthoracic echocardiography on one occasion to establish control values. These healthy 
children were referrals to the Leiden University Medical Center with an asymptomatic innocent 
heart murmur, cardiac palpitations, or idiopathic chest pain. Individuals were eligible for inclusion 
in the study as control subjects if routine echocardiography evaluation showed structurally normal 
hearts and normal cardiac function. Furthermore a physical examination was performed, and the 
12-lead electrocardiogram (ECG) was checked for abnormalities. Children using medication and 
those who had a chronic disease were not eligible for inclusion as control subjects. 
Demographic parameters, including body weight, length, sex, body surface area (BSA), 
and age were obtained at study inclusion for both the patients and the control subjects. 
Furthermore operative parameters were collected for patients including CPB time and aortic 
cross-clamp time. The maximal inotropic score, a postoperative parameter roughly indicating 
postoperative performance, was assessed in all patients as well. The maximal inotropic score 
was calculated as follows: dopamine (µg/kg/min) + dobutamine (µg/kg/min) + 100 X epinephrine 
(µg/kg/min) + 100 X norepinephrine (µg/kg/min) + 20 X milrinone (µg/kg/min). 11 The influence of 
these peri- and postoperative factors on postoperative ventricular performance was evaluated. 
Patients, their legal guardians, or both gave written informed consent for participation in the study, 
and the study protocol was approved by the institutional review board. 
 
Echocardiography 
Echocardiography was performed using a commercially available system (Vivid-7.0.0, General 
Electric Vingmed Ultrasound, Horten, Norway). Spectral Doppler and pulsed wave TDI tracings 
were performed in two-dimensional gray-scale images of the apical four-chamber view. 
Additionally, M-mode recordings of the LV long axis and the apical four-chamber view were 
recorded. The images were stored in digital format to allow off-line analyses using EchoPac 
version 108.X.X (General Electric Vingmed). All recordings were performed while the patient was 
in sinus rhythm. 
 
Left ventricular systolic performance was assessed in M-mode recordings of the LV long axis 
using LV FS (%). Left ventricular diastolic performance was assessed by measurements of peak 
mitral early-wave velocity (E) (m/s) and peak atrial contraction wave velocity (A) (m/s) from 
spectral Doppler tracings recorded at the tip of the mitral valve. Additionally, the E/A ratio was 
calculated. 
Right ventricular systolic performance was assessed using tricuspid annular plane 
systolic excursion (TAPSE) (mm) measurements in two-dimensional M-mode recordings of the 




described.12 Finally, RV diastolic performance was assessed using E and A measurements and 
E/A ratios assessed from spectral Doppler tracings recorded at the tip of the tricuspid valve. 
 
TDI 
In addition to previously described echocardiographic measurements, pulsed wave TDI 
measurements were obtained to assess LV and RV systolic and diastolic performance. The TDI 
images were recorded in the four-chamber view during three consecutive cardiac cycles. The 
angle of insonation was adjusted to align the ultrasound beam along the direction of myocardial 
motion. By placing the cursor at the basal part of the LV lateral wall, the interventricular septum 
(IVS) and the RV free wall longitudinal myocardial velocity curves were obtained. Subsequently, 
peak systolic velocities (S’) and peak early (E’) and late diastolic velocities (A’) were assessed in 
each myocardial velocity curve. In addition E/E’, a diastolic parameter strongly correlated with 
ventricular filling pressure 13, was calculated for further LV and RV diastolic function assessment. 
 
Statistical analysis 
Continuous data are expressed as mean ± standard deviation if normally distributed and 
otherwise as median and interquartile range. The paired two-sample Student’s t-test was used to 
evaluate the change in echocardiographic parameters, including TDI measurements, 1 day 
postoperatively compared preoperative values. Furthermore, differences in echocardiographic 
measurements between patients at discharge and control subjects were analyzed using the 
unpaired two-sample Student’s t-test.  
To assess the associations between postoperative ventricular performance, as 
assessed with the TDI measurements, and both aortic cross-clamp time and inotropic score, 
mixed models were constructed separately for each TDI measurement. The TDI measurements 
included S’, E’, A’ and E/E’ measurements in the LV, IVS and RV respectively. Measurements 1 
day postoperatively and at discharge were included in the models as repeated outcome 
measurements. To correct for differences in baseline TDI values, baseline TDI measurements 
were added as independent variables to the models. To assess for possible associations, aortic 
cross-clamp time and inotropic score were added to the models as independent variables. All 
statistical analyses were performed using SPSS (version 17) accepting all p values lower than 









This prospective follow-up study enrolled 141 patients and 40 control subjects. No significant 
demographic differences were observed between the patients and the control subjects (Table 1). 
The mean follow-up period from operation until discharge was 9 ± 5 days. At discharge, no 
significant residual cardiovascular lesions were present. The patient population included 76 
patients with and 65 patients without a significant left-to-right shunt. Becuase no differences were 
observed between these groups for any of the postoperative echocardiographic parameters, 
results are given for the complete group of 141 patients in the remainder of this article.  
 
  Table 1. Demographic data and operation parameters 
Values are expressed as number of patients (percentage) or as mean ± standard deviation. Age, 
weight and BSA are expressed as median (interquartile range). 
AoS, Aortic stenosis; ASD, atrial septal defect; AVSD, Atrioventricular septal defect; BSA, body 
surface area; CPB, cardiopulmonary bypass; Fallot, Tetralogy of Fallot; IQR, interquartile range; PS, 




Demographics Total Controls p value 
N 141 40  
Males: N (%)   83     (59 21      (53) 0.472 
Age: years (IQR)  0.67  (0.21 - 4.04) 0.67  (0.08 - 4.2) 0.812 
Weight: kg (IQR) 8.0    (4.1 -15.8) 8.7    (6.8 - 15.9) 0.110 
BSA: m2 (IQR) 0.41  (0.26 - 0.75) 0.46  (0.36 - 0.68) 0.152 
type of congenital heart disease: N 
(%) 
     VSD 
     ASD 
     AVSD 
     Tetralogy of Fallot 
     TGA 
     AoS 
     PS 
     Other 
 
34     (24) 
22     (15) 
15     (11) 
15     (11) 
14     (10) 
12     (8) 
11     (8) 
18     (13) 
  
Aortic cross-clamp time (min) 69   ± 37   
CPB time (min) 110 ± 47   





Table 2 presents echocardiographic LV systolic and diastolic performance parameters for the 
patients during follow-up and for the control subjects. 
 After CHD surgery FS was significantly decreased in patients 1 day postoperatively 
compared with preoperatively (Table 2). Subsequently, at discharge, FS was recovered to normal 
values (patients at discharge vs control subjects: 38 ± 8 vs 38 ± 5 %, p=0.643). Similar to LV 
systolic performance, LV diastolic performance parameters, including spectral Doppler mitral 
valve E and A, were significantly decreased 1 day postoperatively compared with preoperative 
levels. Subsequently, these parameters were comparable with normal values at discharge (Table 
2).  
 In contrast, using TDI to assess LV systolic and diastolic performance, significant 
changes in TDI parameters directly after surgery were followed by limited recovery to subnormal 
levels at discharge (Figure 1). Left ventricular and IVS S’, used to assess LV systolic 
performance, were significantly decreased 1 day postoperatively compared with preoperative 
levels (Table 2). Subsequently, at discharge, these parameters were not recovered to normal 
values in the patients compared to the control subjects (LV S’: 5.7 ± 2.0 vs 7.1 ± 2.7cm/s, 
p=0.018; IVS S’: 4.0 ± 1.4 vs 6.7 ± 1.8cm/s, p<0.001).  
Likewise, parameters assessing LV diastolic performance, including LV and IVS E’ and 
A’, were significantly decreased 1 day postoperatively compared with preoperative levels (Table 
2). Subsequently, at discharge LV E’ and IVS E’ and A’ were significantly decreased and LV and 
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<0.001 
7.7 ± 2.5 







6.3 ± 2.3 
3.8 ± 1.5 
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Figure 1 Box plots depicting left ventricular (LV) echocardiographic 
parameters in patients and controls 
 
Box plots depicting left ventricular (LV) echocardiographic parameters in patients and control 
subjects as mean and 95 % confidence interval of the mean. 
Each graph depicts p values indicating echocardiographic parameters in patients 1 day 
postoperatively versus preoperatively (left side), in patients at hospital discharge versus 1 
day postoperatively (middle) and in patients at hospital discharge versus control subjects 
(right side). 
E, early mitral inflow velocity; E’, peak early diastolic TDI velocity; FS, Fractional shortening; 





Table 3 presents echocardiographic RV systolic and diastolic performance parameters for 
patients during the follow-up period and for the control subjects. 
One day postoperatively TAPSE, used to assess RV systolic performance, was 
significantly decreased in patients as compared to preoperative levels (Table 3). Subsequently, at 
discharge, TAPSE remained impaired in the patients versus the control subjects (9 ± 3 vs 17 ± 5 
mm; p<0.001). In contrast, the observed decrease in diastolic tricuspid spectral Doppler 
parameters, except for A, 1 day postoperatively compared with preoperative levels (Table 3) 
marked a recovery to normal tricuspid Doppler E, A and E/A values (Figure 2, Table 3). 
Similar to TAPSE, RV systolic and diastolic TDI parameters, did not recover to normal 
values at discharge. Compared with preoperative levels, RV S’ was decreased 1 day 
postoperatively and remained decreased in the patients compared with the control subjects at 
discharge (5.2 ± 1.7 vs 11.4 ± 3.4cm/s, p<0.001) (Figure 2). Likewise RV diastolic performance 
was decreased 1 day postoperatively, as evidenced by significantly decreased RV E’ and A’ 
velocities and increased E/E’ in the patients 1 day postoperatively compared with preoperative 
levels (Table 3). Subsequently, at discharge these parameters were not recovered to normal 
values in the patients as compared to the control subjects (RV E’ 7.3 ± 2.5 vs 16.3 ± 5.2cm/s, 
p<0.001; RV A’ 4.3 ± 1.9 vs 10.4 ± 3.0cm/s, p<0.001; RV E/E’ 12.5 ± 6.8 vs 4.8 ± 1.9, p<0.001).  
 
Peri- and postoperative parameters  
A longer aortic cross-clamp time was associated with a lower S’ and E’ velocity and higher E/E’ at 
the LV, IVS and RV during the postoperative follow-up evaluation(p<0.05). For the RV E’ velocity 
and RV E/E’ this association was only present on postoperative day 1. No clear pattern of 
significant associations was observed between maximal inotropic support and TDI velocities or 





In this study, a decrease in systolic and diastolic LV and RV performance, as assessed using 
echocardiographic measurements, was observed directly after corrective surgery of a CHD. 
Subsequently, at discharge, TDI measurements sensitively detected remaining impaired 
biventricular performance, whereas most other echocardiographic measurements appeared 
normal. Furthermore, a negative association between aortic cross-clamp time and several TDI 

























































































































































































   
 
   









































































































































































   












































































































































































































































































































 Postoperative follow-up evaluation 
Previous studies have shown that cardiac performance often is impaired directly after cardiac 
surgery, especially if cardiac surgery is performed with the use of CPB.2 The current results 
demonstrate that also in pediatric CHD patients, LV and RV systolic and diastolic performance 
was decreased 1 day after corrective CHD surgery, as assessed using echocardiographic 
measurements. These findings are in line with those of an earlier study by Vassalos et al. that 
investigated 35 patients 1 day after surgery of a septation defect.4 They demonstrated a 
significant decrease in biventricular systolic performance, as assessed using peak S’ at the LV, 
IVS and RV. However, diastolic performance was not evaluated in their study. 
Studies extending this immediate postoperative follow-up evaluation of ventricular 
performance in corrected CHD patients are sparse, and the few available studies are limited in 
sample size.5,14 Especially knowledge concerning the time course of ventricular deterioration and 
the persistence of decreased ventricular performance in the postoperative period is limited. 
Hence, our study was aimed to extend previous findings 4 in CHD patients with the evaluation of 
changes beyond the first postoperative day.  
At discharge, although FS and spectral Doppler measurements appeared normal, TDI 
measurements and TAPSE still detected impaired systolic and diastolic biventricular performance. 
This was reflected by the decreased TAPSE and both LV and RV S’, E’ and A’ parameters in the 
patients compared with the control subjects at discharge. Systolic and diastolic biventricular 
performance at discharge had been assessed previously in small groups of atrial septal defect 
patients using TDI velocities and strain.5,14 In contrast to our results, LV systolic and diastolic 
performance at discharge was normal or similar to the preoperative results in these studies. 
Possibly the inclusion of more CHD types in our study accounts for this difference.  
Regarding RV systolic and diastolic performance, previous results in atrial septal defect 
patients were similar to our study, indicating impaired RV performance in patients at discharge.5,14 
Thus, our study underscores, with a larger sample size and in a more diverse population of CHD 
patients, previous findings of impaired RV performance shortly after corrective CHD surgery.  
 
TDI versus other echocardiographic techniques 
Whereas most of the echocardiographic parameters studied showed no differences between the 
patients and the control subjects at discharge, TDI measurements detected significant 
postoperative ventricular impairment in biventricular systolic and diastolic performance in CHD 
corrected children. This may indicate that with the use of TDI more subtle impairment in 



























All echocardiographic parameters, including TDI parameters, are indirect measures of 
ventricular performance. However, the ability of TDI to assess myocardial velocity and its relative 
geometry independence may allow TDI to detect more subtle changes in myocardial performance 
than other echocardiographic parameters, as suggested by previous studies.15,16 In 
cardiomyopathy patients, LV systolic TDI measurements have been shown to detect subclinical 
myocardial dysfunction before its detection by ejection fraction and FS.10,16 Additionally superiority 
of LV and RV diastolic TDI measurements over Doppler flow parameters for the assessment of 
diastolic performance was suggested previously.8,17  
Figure 2 Box plots depicting right ventricular (RV) echocardiographic 
parameters in patients and controls 
 
Box plots depicting right ventricular (RV) echocardiographic parameters in patients and control subjects 
as mean and 95 % confidence interval of the mean. 
Each graph depicts P-values indicating echocardiographic parameters in patients one day 
postoperatively versus preoperatively (left side), in patients at hospital discharge versus one day 
postoperatively (middle) and in patients at hospital discharge versus controls (right side). 
E, early tricuspid inflow velocity; E’, peak early diastolic TDI velocity; RV, right ventricle; S’, peak systolic 




In conclusion, our results support the theory that TDI is more sensitive in the detection 
of myocardial dysfunction than other echocardiographic measurements. This may allow earlier 
detection of subclinical abnormalities in CHD patients, which may help to optimize the timing of 
therapeutic interventions. 
 
Peri- and postoperative parameters 
To assess the pathophysiological mechanism underlying the observed decrease in ventricular 
performance shortly after surgery, we evaluated the influence of various peri- and postoperative 
parameters on postoperative biventricular performance. In our study, CPB was associated with 
systolic and diastolic biventricular performance, as assessed using TDI. Longer periods of aortic 
cross-clamp time were associated with lower S’ and E’ velocities and higher E/E’ during 
postoperative follow-up evaluation. 
Our study included only patients who had undergone CHD correction with the use of 
CPB. The influence of CPB on the body has been studied extensively in both children and 
adults.1,18 Aortic cross-clamping and inflammatory cascades initiated by CPB can both result in 
myocardial damage.1,19 In CHD patients, a previous study has reported a strong association 
between poor operation survival and both cross-clamp time and CPB in.3 Furthermore, Vassalos 
et al.4 showed a correlation of both cross-clamp time and CPB-time with peak systolic TDI 
velocities one day postoperatively. In the current study, we extended these findings by showing 
that ventricular performance was still related to CPB-time at discharge. Although causality was 
not assessed in our study, the observed associations suggest a longer-lasting influence of aortic 
cross-clamping on the deterioration of systolic and diastolic performance.  
 
In addition to CPB, the postoperative association between inotropic support and LV and RV 
performance, as assessed using TDI measurements, was evaluated. During our postoperative 
follow-up evaluation, no clear pattern of significant associations was observed between maximal 
inotropic support and TDI velocities or E/E’. This finding is consistent with the study by Lobato et 
al.20 who did not find any association between milrinone and/or epinephrine and TDI variables.  
 
Besides peri-and postoperative parameters, loading alterations can influence echocardiographic 
measurements. Operation of a CHD often causes alterations in preload, afterload or both. 
However, conflicting results exist concerning the effect of acute alterations in loading conditions 
on both systolic and diastolic TDI parameters.  
Studies focusing on changes in TDI measurements after haemodialysis-induced acute 
preload reductions show varying results. Drighil et al.21 reported systolic and diastolic TDI 




these measurements. Moreover, changes in TDI measurements after acute preload reduction due 
to transcatheter atrial septal defect closure have been variable, resulting in contrasting 
conclusions.23,24 Thus, the influence of acute load changes on TDI parameters is unclear.  
Accordingly, the changes we observed by comparison of preoperative TDI 
measurements with 1 day postoperative results could be influenced by loading alterations. 
However, none of our patients had significant residual cardiovascular lesions at discharge. This 
implicates that postoperatively similar loading conditions were present in the patients and the 
control subjects, whereas TDI measurements were significantly different between these groups. 
Thus, it is unlikely that loading alterations are the main cause of the observed impaired ventricular 
performance postoperatively.  
 
Study limitations 
The wide variation of cardiac defects of children included in our study is associated with a wide 
variation of type and grade of complexity of surgical procedures. Previous studies have shown 
that the type of cardiac surgery (e.g. patch or direct suture repair of the right ventricular outflow 
tract in Tetralogy of Fallot patients), influences postoperative echocardiographic parameters.25,26 
Furthermore different changes in loading conditions were associated with the variety of cardiac 
defects. Because the number of patients with specific lesions was too small it was not possible to 
draw conclusions for specific subsets of patients. However, a comparison between patients with 





In conclusion, 1 day after correction of a CHD, most echocardiographic parameters, including TDI 
parameters, detect significant impairment in systolic and diastolic LV and RV performance. At 
discharge, TDI still detects significant subnormal performance in systolic and diastolic 
biventricular performance, whereas most other echocardiographic measurements appear normal. 
This may indicate that TDI detects more subtle myocardial impairment. Furthermore the negative 
association between aortic cross-clamp time and several TDI measurements until discharge, 
suggests a longer-lasting influence of CPB on biventricular performance.  
Although important changes in TDI parameters were observed in our study in the early 
postoperative period, at this writing it still is unclear if these changes will persist with longer follow-
up periods. Therefore, future research should be dedicated to evaluating the persistence of the 
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Objectives Long-term prognosis after ventricular septal defect (VSD) correction in childhood is 
excellent. Nevertheless decreased biventricular systolic performance has been described 
immediately following VSD surgery in children. In an effort to better understand this decrease and 
its time-course, we characterized biventricular systolic performance following VSD closure in 
paediatric patients up to 20 months postoperatively.  
Methods Thirty-nine children undergoing VSD surgery and 22 age-matched controls were 
included for echocardiographic follow-up of left (LV) and right ventricular (RV) systolic 
performance. LV fractional shortening and tricuspid annular plane systolic excursion (TAPSE) 
were assessed. Additionally, tissue Doppler imaging measurements were obtained at the basal 
LV lateral wall and RV free wall to assess both LV and RV systolic (S’) performance. Studies were 
performed preoperatively, 1 day postoperatively, at discharge and 3-20 months postoperatively at 
medium-term follow-up.  
Results After an initial decrease in biventricular systolic performance, a significant recovery was 
observed within the first year after VSD surgery. After a medium-term follow-up of 8.4 ± 5.3 
months LV systolic performance parameters were normalized, while RV systolic performance 
parameters remained impaired in patients vs controls (TAPSE: 12.5 ± 1.2 vs 18.5 ± 3.2 mm, RV 
S’: 8.9 ± 1.3 vs 12.5 ± 2.2 cm/s).  
Conclusions Within the first year after VSD correction, LV systolic performance had normalized, 
while RV systolic performance remained significantly impaired up to 20 months after VSD closure. 
Both detrimental effects of open heart surgery with cardiopulmonary bypass and preoperative 







Long-term prognosis after ventricular septal defect (VSD) correction in childhood is excellent 1. 
Nevertheless decreased biventricular systolic performance has been reported within the first 24 h 
following VSD surgery 2,3. In adult congenital heart defect (CHD) patients, including VSD patients, 
a recent study showed impairment of right ventricular (RV) systolic performance after surgery, 
which persisted up to 18 months postoperatively 4. However, in paediatric VSD patients, follow-up 
of biventricular performance following the first postoperative month has not been described. 
With the advent of echocardiographic techniques, including tissue Doppler imaging 
(TDI), the quantification of subtle impairment of biventricular systolic performance has been 
greatly enhanced. TDI has proven to be a reliable technique to comprehensively quantify both left 
ventricular (LV)5 and RV systolic performance 6. 
Hence, in the current study, we aimed to characterize, using TDI, biventricular systolic 
performance following VSD closure in paediatric patients up to 20 months postoperatively.  
  
 
MATERIALS AND METHODS 
Study subjects 
In this prospective follow-up study we enrolled all consecutive paediatric patients with a VSD, who 
underwent surgical correction of their VSD in our institution between March 2009 and March 
2011. Patients with all types of VSD were eligible for inclusion if no previous cardiac surgery was 
performed. Additionally, healthy children age-matched to patients were included as controls. The 
institutional review board approved this study, and written informed consent was obtained from 
the patients, controls and/or parents.  
Surgical correction was carried out via a median sternotomy using moderately 
hypothermic cardiopulmonary bypass. The aorta was cross-clamped and cold crystalloid 
cardioplegia was infused. Furthermore, intermittent external myocardial cooling was used every 
30 min. VSDs were approached through the right atrium, and subsequent closure of the VSD was 
carried out via a direct suture or with the use of a patch. 
Demographic parameters including body weight, length, sex, body surface area (BSA) 
and age were documented at study inclusion. A 12-lead electrocardiogram (ECG) was performed 
postoperatively in every patient. Furthermore, all patients and control subjects underwent 
transthoracic echocardiography, including TDI, to comprehensively assess both LV and RV 
systolic performance. In VSD patients, the examinations were performed at several time points, 
namely: preoperatively, 1 day postoperatively, after short-term follow-up at hospital discharge and 
at medium-term follow-up (3-20 months postoperatively). 
 
102 
Echocardiographic measurements 1 day postoperatively were compared with 
preoperative measurements. Furthermore, the measurements in the three postoperative 
echocardiographs were used to model changes in biventricular performance up to 20 months 
after VSD correction. Finally all echocardiographic parameters were compared between patients 




Echocardiography was performed using a commercially available system (Vivid-7.0.0, General 
Electric Vingmed Ultrasound, Horten, Norway). Images were stored in digital format to allow off-
line analyses using EchoPac version 11.1.8 (General Electric Vingmed). Patients without sinus 
rhythm at the time of echocardiographic investigation were excluded.  
 
Conventional echocardiography 
LV systolic performance was assessed using M-mode recordings of the LV long axis by 
calculating fractional shortening (FS) (%). To calculate FS, LV internal diameter at end-diastole 
(LVIDd) and at end-systole (LVIDs) were assessed in millimetres and combined as follows 
[(LVIDd - LVIDs)/LVIDd] X 100%.   
Furthermore, RV systolic performance was assessed using tricuspid annular plane 
systolic excursion (TAPSE) (mm) measurements in two-dimensional M-mode recordings of the 
apical four-chamber view. The cursor was placed at the tricuspid annulus free wall, as previously 
described 7. TAPSE is defined as the maximal excursion of the tricuspid valve plane as assessed 
from end-diastole to end-systole. 
Tissue Doppler imaging 
In addition to TAPSE and FS, biventricular systolic performance was further characterized using 
pulsed-wave TDI. TDI images were obtained in two-dimensional images of the four-chamber view 
throughout three consecutive cardiac cycles. The angle of insonation was adjusted to align the 
ultrasound beam along the direction of myocardial motion. Subsequently, myocardial velocity 
curves were acquired by placing the cursor at the basal part of the LV lateral wall and at the basal 
part of the RV free wall. In both the LV and RV, peak systolic velocity (S’) was assessed and 
recorded in cm/s as a parameter of systolic performance.  
 
Statistics 
Normally distributed data are expressed as mean ± standard deviation (SD). Non-normally 




t-test was used to assess differences in biventricular performance in patients 1 day 
postoperatively and at medium-term follow-up compared with preoperatively. The unpaired two-
sample Student’s t-test was used to assess differences in echocardiographic parameters between 
controls and patients after medium-term follow-up. Furthermore, one-way analysis of variance 
was used to assess differences between patients with different subtypes of VSDs. The relation 
between echocardiographic parameters at medium-term follow-up and size of the VSD was 
evaluated using scatter plots and Pearson’s correlation coefficient.  
To assess changes in systolic performance in patients during short- and medium-term follow-up 
after VSD closure, linear mixed models were constructed for each echocardiographic parameter 
including FS, TAPSE, LV S’ and RV S’. Measurements 1 day postoperatively, at hospital 
discharge and at medium-term follow-up were included in the models as repeated outcome 
measurements with an unstructured covariance matrix. All models contained the measurement 
occasion as a categorical independent variable represented by dummy variables. Furthermore, at 
first, the duration between the medium-term follow-up echo and the operation date was included 
in every model as an independent variable, as considerable variation in timing was observed. 
However, this parameter was not a significant contribution to any model. Therefore we have 
excluded this variable from further analyses and considered the medium-term follow-up 
measurement to be time-independent. Data analysis was performed using SPSS 20.0. A p-value 




A total of 40 VSD patients was enrolled in our study. One patient was excluded because of a 
reoperation during our follow-up period. Thus, 39 VSD patients were included in this prospective 
follow-up study. Additionally, 22 healthy children age-matched to patients at medium-term follow-
up were included as controls. No significant differences were observed in patients vs controls with 
regard to age [1.0 (0.6, 1.7) vs 1.2 (0.4, 2.2) years, p=0.959], weight [8.6 (7.8, 11.1) vs 9.4 (7.8, 
12.0) kg, p=0.823] or sex [N total (N male): 22 (12) vs 39 (22), p=0.888].  
Demographic characteristics and operation parameters of VSD patients are summarized 
in Table 1. Postoperatively, the ECG showed a mean QRS duration (time between the beginning 
of Q and the end of the S in the ECG) of 78 ± 16 ms, and none of the patients had a complete 







Table 1. Demographic characteristics of patients  
 
Values are expressed as the number of patients (percentage) or as mean ± SD. Age, weight, length and 
BSA are expressed as median (interquartile range) and are measured at study inclusion. 
 
 
In 38 patients, the VSD was closed with a patch, and in 1, direct surgical closure was carried out. 
In 24 patients, an open foramen ovale or atrial septal defect was closed with direct suture in 
addition to VSD correction, and in 4, an additional atrial septal defect was closed with a patch. 
None of the patients had signs of RV volume overloading on the echocardiogram. Furthermore, in 
3 patients multiple VSDs were corrected. Since no differences were observed between different 
subtypes of VSDs for any of the echocardiographic parameters preoperatively or at medium-term 
follow-up, results are given for the complete group of 39 patients in the remainder of this article.  
In the VSD patients, transthoracic echocardiography was performed preoperatively 
(N=39), 1 day postoperatively (N=38), after short-term follow-up at hospital discharge (8.7 ± 4.6 
days postoperatively; N=39) and after medium-term follow-up (8.4 ± 5.3 months postoperatively; 
N=22). Table 2 presents LV and RV systolic performance parameters in patients during follow-up 




Male 22    (56 %) 
Age at inclusion (years) 0.3 (0.2, 0.5) 
Length (cm) 64 (60, 69) 
Weight (kg) 5.0 (4.5, 6.0) 
BSA (m2) 0.3 (0.3, 0.3) 
  
Cardiopulmonary bypass time (min) 91 ± 28 
Aortic cross-clamp time (min) 57 ± 18 
Intensive care stay (days) 4.7 ± 3.3 
Mechanical ventilation (h) 42 ± 50 
  
Subtype VSD  
     Perimembranous 25    (64 %) 
     Inlet 10    (25 %) 
     Muscular 1      (3 %) 
     Doubly committed 3      (8 %) 




Preoperative vs 1 day postoperative biventricular performance 
In VSD patients, parameters assessing LV systolic performance, including LV S’ and FS, were 
significantly decreased 1 day postoperatively when compared with preoperatively (Figure 1). 
Similarly, RV systolic performance decreased following VSD closure; TAPSE and RV S’ were 
significantly decreased in patients 1 day postoperatively when compared with preoperatively 
(Figure 1).  
 
Biventricular performance within the first postoperative year  
Following the first postoperative day, a significant recovery of LV systolic performance parameters 
was observed at both short and medium-term follow-up (Figure 1). This led to an increase in FS 
and LV S’ in patients at medium-term follow-up compared with 1 day postoperatively (FS 39.6 ± 
4.5 vs 28.0 ± 8.9 %, p<0.001; LV S’ 7.0 ± 1.9 vs 5.1 ± 1.9 cm/s, p<0.001). 
  Likewise, RV systolic performance improved substantially during both short- and 
medium-term follow-up (Figure 1). As a result, TAPSE and RV S’ were increased in patients at 
medium-term follow-up compared with 1 day postoperatively (TAPSE 12.5 ± 1.2 vs 4.5 ± 1.5 mm, 




Table 2. Summary of echocardiographic parameters in patients pre and post-VSD correction 
and in healthy controls 
      Patients     Controls  p-valuea 










LV  FS (%)  38.6 ± 7.4 28.0 ± 8.9 33.0 ± 6.5 39.6 ± 4.5  39.3 ± 4.4  0.832 
 S' (cm/s)  6.2 ± 2.5 5.1 ± 1.9 5.4 ± 1.6 7.0 ± 1.9  7.3 ± 2.7  0.673 
RV  TAPSE (mm)  14.2 ± 4.7 4.5 ± 1.5 7.5 ± 1.9 12.5 ± 1.2  18.5 ± 3.2  <0.001 
 S' (cm/s)  10.1 ± 2.2 3.tt7 ± 1.1 5.0 ± 1.5 8.9 ± 1.3  12.5 ± 2.2  <0.001 
Figure 1 provides further insight in the significance of changes during follow-up. 
The values are expressed as mean ±  SD.  
a patients vs controls at medium-term follow-up (8.4 ± 5.3 months postoperatively). 
FS, fractional shortening; LV, left ventricle; RV, right ventricle; S’, peak systolic myocardial  velocity; 








Extent of recovery of biventricular performance up to 20 months postoperatively 
A comparison of FS and LV S’ in patients at medium-term follow-up vs preoperatively revealed no 
significant differences. In contrast, RV systolic performance parameters were still lower in patients 
at medium-term follow-up vs preoperatively (TAPSE: 12.5 ± 1.2 vs 14.2 ± 4.7 mm, p=0.015; RV S’ 
8.9 ± 1.3 vs 10.1 ± 2.2 cm/s, p=0.031). No significant correlation was observed between the size 
of the VSD and RV systolic performance parameters at medium-term follow-up. 
Moreover, the comparison between patients and controls after medium-term follow-up 
revealed no significant differences in LV systolic performance parameters, as assessed using FS 
and LV S’ (Table 2 and Figure 1). In contrast, RV systolic performance did not improve to normal 
values within the first 20 months after VSD surgery. At medium-term follow-up, both TAPSE and 
RV S’ were lower in patients when compared with controls (TAPSE: 12.5 ± 1.2 vs 18.5 ± 3.2 mm, 
p<0.001; RV S’ 8.9 ± 1.3 vs 12.5 ± 2.2 cm/s, p<0.001; Table 2 and Figure 1). 
 
DISCUSSION 
The present study describes a decrease of biventricular systolic performance in children directly 
following surgical VSD correction. Subsequently, both LV and RV systolic performance recover 
during short- and medium-term follow-up. Despite this recovery, RV systolic performance, in 
contrast to LV performance, remained significantly impaired in corrected VSD patients up to 20 
months postoperatively.  
 
Preoperative vs 1 day postoperative biventricular performance 
Biventricular systolic performance was significantly decreased in patients 1 day after VSD closure 
compared with preoperatively. These results confirm, in a larger population of VSD patients, the 
results of the few previous studies evaluating systolic performance directly following VSD 
correction 2,3,8,9.   
The exact pathophysiological processes behind the observed changes in both LV and 
RV systolic performance are as yet unidentified. Several peri- and postoperative factors may 
induce the observed decrease in ventricular performance, including direct surgical trauma, 
cardiopulmonary bypass associated ischaemia or inflammatory cascades, inadequate myocardial 
protection, mechanical properties of the patch and haemodynamic changes 8,10-12. The 
haemodynamic changes after VSD closure include a reduction in LV inflow and thus LV preload 
as a result of the removal of the left-right shunt. This preload reduction may have partly 
contributed to the changes in the outcome of TDI measurements preoperatively compared with 1 
day postoperatively, since TDI parameters are possibly not load-independent 13. Since most of 
these processes occur simultaneously, it is difficult to discriminate individual contributions of 
































Figure 1 LV and RV systolic performance parameters in patients during follow-
up and in controls 
 
Box plots depicting mean and 95% confidence interval of the mean of LV systolic (A and B) and RV 
systolic (C and D) performance parameters in patients during follow-up and in controls.  
Each graph depicts P-values below the boxes indicating the significance of change in 
echocardiographic parameters preoperatively compared with 1 day postoperatively (left) and in 
patients after medium-term follow-up compared with controls (right). Furthermore p-values above 
the boxes describe the significance of change in echocardiographic parameters during 
postoperative follow-up as assessed with linear mixed models. 
FS, fractional shortening; LV, left ventricle; RV, right ventricle; S’, peak systolic myocardial velocity; 




Biventricular performance during the first postoperative year  
After the initial decline in ventricular performance, a significant improvement was observed in both 
LV and RV systolic performance within the first year after VSD correction.  
Previously, LV and RV performance were evaluated in the early postoperative period in 
paediatric VSD patients using the myocardial performance index; an index integrating systolic and 
diastolic performance. In agreement with our results, these studies showed impaired LV and RV 
performance 1 day after VSD surgery with subsequently a gradual improvement in ventricular 
performance in the following month 14,15. Our study extends these findings by prolonging the 
follow-up period from 1 month to a follow-up period of up to 20 months postoperatively. 
Additionally, specifically systolic ventricular performance was analysed in our study. Furthermore, 
our observation that biventricular systolic performance is incompletely recovered at discharge 
from the hospital stresses the importance of a close follow-up of both LV and RV systolic 
performance in corrected VSD patients.  
 
Extent of recovery of biventricular performance up to 20 months postoperatively 
The comparison of biventricular systolic performance between controls and patients at medium-
term follow-up and between patients at medium-term follow-up vs preoperatively yielded 
contrasting results for the LV and RV. LV systolic performance recovered to normal values, while 
RV systolic performance remained impaired up to 20 months postoperatively. 
 
LV systolic performance 
Preoperatively, the heart of VSD patients with a haemodynamic significant left-to-right shunt is 
characterized by LV volume-overload. This can ultimately lead to LV dilatation and hypertrophy 16. 
Volume unloading by surgical VSD closure disrupts this pathophysiological process and may 
therefore lead to reverse remodelling and restoration of these structural alterations 17. The current 
comprehensive follow-up study of VSD patients emphasizes the rapid and significant recovery of 
LV systolic performance after VSD correction and LV unloading.  
 
RV systolic performance 
Recently, RV performance has gained interest as subtle changes in RV performance have shown 
to be correlated to an increased risk of cardiovascular events 18,19. The current report suggests 
that, despite postoperative recovery, RV systolic performance does not completely recover to 
preoperative levels. Furthermore, RV systolic performance was decreased in patients when 
compared with normal values up to 20 months after VSD correction.  
It has been reported that following a variety of cardiac surgeries a persistent impairment 




paediatric VSD patients to report a persistent impairment of RV systolic performance even 
beyond the first postoperative year. This is particularly interesting, as VSD patients constitute a 
large subgroup of paediatric CHD patients, who are generally perceived to be ‘easily cured’ by 
cardiac surgery. Low surgical mortality 16, a fairly short cardiopulmonary bypass time and 
relatively low morbidity and mortality long-term after surgery 21 are all factors contributing to this 
idea. However, our results show that, even in these patients, RV function is abnormal up to 20 
months postoperatively. Although this subclinical impairment may not be of direct clinical 
relevance, it does stress the importance of evaluating RV systolic performance after VSD 
correction. Furthermore, these observations encourage research on cardiac performance after 
surgery in other types of CHD patients.     
Much has been speculated on the reason why specifically RV, and not LV, performance 
parameters remain impaired in patients after cardiac surgery. It has been hypothesized that the 
thin-walled RV is more susceptible to inflammation due to local tissue damage than the LV, 
ultimately leading to RV dysfunction 22. Additionally, cardiopulmonary bypass associated 
inflammatory cascades may have an influence on RV performance, which is absent or less on the 
LV 4. Furthermore, the RV may be less protected by cold cardioplegia and external cooling than 
the LV 11,23. The anterior position of the RV renders it much more at risk of external heating than 
the LV during cardiac surgery. To quantify this difference, previous studies have used 
temperature probes in the myocardium and have shown differences of up to 19 ºC between the 
LV and RV 11,23. Finally pericardiotomy and pericardial adhesions have been suggested to play a 
role in RV dysfunction after surgery, but these suggestions remain speculative thus far 20. In 
addition to surgical factors, preoperative volume and pressure overload may also add to 
postoperative dysfunction.  
 
Study limitations 
It is known that decreased RV performance can be of prognostic significance in patients with 
systolic heart failure 18. However to further specify the clinical significance of our findings, it is 
important to establish whether the selective impairment of RV systolic performance persists 
during long-term follow-up and how it relates to clinical characteristics.  
 It was recently argued that the observed decrease in TAPSE and TDI measurements 
following cardiac surgery was merely a reflection of geometrical, rather than functional, changes 
24. However, previous studies have shown RV TDI measurements and TAPSE to give a valid 
reflection of RV performance 25. Additionally, the only impairment that remained significant up to 
20 months postoperatively was observed in RV performance parameters; while in VSD patients 
geometrical changes after cardiac surgery are expected to be more pronounced in the LV than in 
the RV.  
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In the current study patients were included with several subtypes of VSDs. The subtype 
analyses did not yield significant differences in echocardiographic parameters during follow-up. 
However, considering the small subgroups in our study, this does not exclude a possible 
heterogeneity in the follow-up of cardiac performance in different subtypes of VSD patients. Yet in 
our opinion the validity of our main message, that RV systolic performance remains impaired up 
to 20 months postoperatively in VSD patients, is not affected by this.  
 
Conclusions  
After an initial decrease in biventricular systolic performance following corrective VSD surgery, LV 
and RV systolic performance recovered during both short- and medium-term follow-up. This 
recovery led to normal values of LV systolic performance within the first year after VSD correction. 
In contrast, RV systolic performance remained significantly impaired in patients compared with 
controls up to 20 months postoperatively. This impairment may be the result of detrimental effects 
of open-heart surgery with cardiopulmonary bypass. Yet, preoperative alterations may also add to 
postoperative dysfunction. Considering the potential clinical and prognostic value of decreased 
RV performance parameters, our results encourage follow-up of specifically RV performance in 
VSD-corrected children. Furthermore, this observation warrants a comprehensive evaluation of 
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Objective Recent descriptions of decreased exercise capacity 10 to 15 years after arterial switch 
operation (ASO), suggest subclinical hemodynamic restrictions. Persistent impairment of 
ventricular performance following ASO may add to this. We aimed to characterize the time course 
of changes in biventricular performance within the first year following ASO.  
Methods We prospectively included 26 patients with transposition of the great arteries 
undergoing ASO and 20 age-matched controls. Left (LV) and right ventricular (RV) systolic and 
diastolic performance were assessed using tissue Doppler imaging-derived peak systolic velocity 
(S’), peak diastolic velocity (E’) and E/E’ as well as mitral and tricuspid annular plane systolic 
excursion (MAPSE, TAPSE). Furthermore, LV longitudinal, radial and circumferential strain were 
assessed using speckle tracking strain imaging. Studies were performed preoperatively, 1 day 
postoperatively, at discharge and at medium-term follow-up (9 months [interquartile range 6-23 
months] postoperatively).  
Results After an initial decrease in biventricular systolic and diastolic performance 1 day 
postoperatively versus preoperatively, recovery was observed in all parameters during medium-
term follow-up. At medium-term follow-up LV systolic and diastolic performance parameters were 
comparable in patients and controls. In contrast, RV systolic and diastolic performance were still 
impaired in patients versus controls roughly 1 year postoperatively (TAPSE 11.6±2.2 vs. 
18.6±3.1mm; RV S’ 8.1±2.3 vs. 12.6±1.8cm/s; RV E’ 12.4±3.0 vs. 18.2±4.2cm/s; RV E/E’ 6.7±2.1 
vs. 4.3±1.3; all p<0.001). 
Conclusions If early ASO is performed, LV performance recovers to control values within the first 
postoperative year. In contrast, RV systolic and diastolic performance remained impaired during 




Since the introduction of anatomical correction of transposition of the great arteries (TGA), with 
the arterial switch operation (ASO), patient survival has improved. In combination with ongoing 
refinements of the surgical technique, this has led to low surgical mortality1 and good long-term 
survival of patients undergoing ASO in the current era.2 Nonetheless, recent descriptions of 
decreased exercise capacity 10to 15 years after ASO suggest that subclinical hemodynamic 
restrictions remain.3,4 Hemodynamic impairment could develop over time as a consequence of 
common residua and complications of ASO, including pulmonary artery obstruction and coronary 
artery problems.4 However, persistent impairment of cardiac performance following surgical 
correction may also play a role.  
Persistent impairment of cardiac performance has been previously described in pediatric 
patients after surgical correction of a congenital heart defect using cardiopulmonary bypass 
(CPB).5 In patients with TGA, decreased left ventricular (LV) performance has been described 
within the first 48 hours following ASO.6,7 However, to our knowledge, continuing follow-up of the 
changes evoked by surgery and the time-course and extent of recovery is limited. Furthermore, 
right ventricular (RV) performance is under-exposed in most studies. 
  With the advent of echocardiographic techniques, including tissue Doppler imaging 
(TDI) and speckle tracking strain imaging, the detection of subtle impairment of biventricular 
systolic and diastolic performance has been greatly enhanced.8 Additionally, these techniques 
offer the advantage of regional assessment of myocardial performance. Accordingly, in our study 
we aimed to characterize the time course of changes in biventricular performance within the first 




We prospectively enrolled all consecutive patients with simple TGA, with or without a ventricular 
septal defect, who underwent ASO at our institution between 2009 and 2012. Patients with major 
additional defects, including Taussig-Bing anomaly and aortic arch pathology, were excluded. 
Additionally, 1 group of healthy children, who were referred to our institution with an 
asymptomatic, innocent heart murmur, were included as controls. This group was age-matched to 
patients at medium-term follow-up. The institutional review board approved this study and written 
informed consent was obtained from the parents.  
Surgical correction was carried out via a median sternotomy using high-flow, moderate 
hypothermic CPB with bicaval cannulation. Before cross-clamping, the open ductus arteriosus 
was ligated. Subsequently the aorta was cross-clamped and cold crystalloid cardioplegia was 
infused; this was repeated every 30 minutes. The operation included dissection of the aorta and 
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pulmonary artery above the level of the commisures, transplantation of the coronary arteries from 
the aortic sinus into the corresponding pulmonary sinus using the coronary artery-button 
technique, switching of the aorta and pulmonary artery by the Lecompte manoeuvre whenever 
possible and reconstruction of the neo-pulmonary trunk with an autologous pericardial patch.  
Demographic parameters, including weight, body surface area, sex, and age were 
documented at study inclusion. Body surface are (m2) was calculated using Boyd’s formula 
(0.0004688*Weight(0.8168-0.0154*log (weight))) using weight in grams. Additionally, operative parameters 
were collected, including CPB time and aortic cross-clamp time.  
All patients and controls underwent transthoracic echocardiography, without sedation, to 
comprehensively assess biventricular systolic and diastolic performance. In patients examinations 
were performed preoperatively, 1 day postoperatively, at hospital discharge and at a medium-
term follow-up of roughly 1 year postoperatively. Subsequently changes in echocardiographic 
parameters in patients during follow-up were evaluated. Controls underwent only 1 examination, 
and were compared to patients at medium-term follow-up. 
 
Echocardiography 
Transthoracic echocardiography was performed to assess biventricular performance using a 
commercially available system (Vivid-7.0.0, General Electric Vingmed Ultrasound, Horten, 
Norway). Furthermore, the presence and severity of pulmonary artery obstruction at discharge 
was assessed using continuous Doppler flow velocity in the parasternal short-axis view. The 
maximal peak flow velocity in the main pulmonary artery or pulmonary artery branches was used 
as the maximal pulmonary artery velocity.4 Images were stored in digital format to allow off-line 
analyses using EchoPac version 11.1.8 (General Electric Vingmed, Horten, Norway). Off-line 
analysis was performed by 1 observer (LMK) to limit possible interobserver variability. 
Subsequently, results were reviewed and discussed with a second observer (ADJH). Patients 
without sinus rhythm at the time of echocardiographic investigation were excluded.  
 
M-mode 
Fractional shortening (FS, %) was calculated from M-mode recordings of the LV long axis to 
assess LV systolic performance. To calculate FS, LV internal diameter at end-diastole (LVIDd) 
and at end-systole (LVIDs) were assessed in millimetres and combined as follows ((LVIDd-
LVIDs)/LVIDd)*100%.  
In M-mode recordings of the apical 4-chamber view LV and RV systolic performance 
was assessed using measurements of respectively mitral annular plane systolic excursion 
(MAPSE, mm) and tricuspid annular plane systolic excursion (TAPSE, mm). The cursor was 
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placed at the mitral or tricuspid annulus free wall, as previously described.9 Subsequently the 
maximal excursion of the valve plane was assessed from end-diastole to end-systole.   
 
TDI 
Biventricular systolic and diastolic performance were characterized using pulsed wave TDI. TDI 
images were obtained in 2-dimensional images of the 4-chamber view throughout 3 consecutive 
cardiac cycles. The angle of insonation was adjusted to align the ultrasound beam along the 
direction of myocardial motion. Subsequently, myocardial velocity curves were acquired by 
placing the cursor at the basal part of the LV lateral wall and RV free wall. In each curve, peak 
systolic velocities (S’) and peak early diastolic velocities (E’) were assessed. In addition E/E’, a 
diastolic parameter strongly correlated with ventricular filling pressure10, was calculated to assess 
diastolic performance. LV and RV E were assessed by measurements of peak early wave velocity 
(cm/s) in spectral Doppler tracings recorded in the apical 4-chamber view at the tip of the mitral 
and tricuspid valve.  
 
Speckle tracking strain imaging 
In addition to TDI, LV systolic performance was evaluated using speckle tracking strain analyses 
performed in grayscale images of the apical 4-chamber view (longitudinal analysis) and the LV 
parasternal short-axis view (radial and circumferential analysis). Images were obtained with 
optimized sector width and frame rate (preferably 60-90 frames/second).  In these images, 
manual endocardial border tracing at end-systole was used to set the region of interest. The 
region of interest was automatically divided into 6 segments. In the 4-chamber view this included 
the basal, mid and apical segments of the LV lateral wall and the interventricular septum. The 
short-axis image was divided into a septal, anteroseptal, anterior, lateral, posterior and inferior 
segment to evaluate both radial and circumferential strain. In each segment tracking quality was 
automatically evaluated and this resulted in automatic rejection or acceptation of the segment. 
Although the observer could override this automatic decision based on visual evaluation11, this 
was used very conservatively.12 Data obtained by speckle tracking was displayed in longitudinal 
time-strain curves for each segment in the 4-chamber view and radial and circumferential time-
strain curves for each segment in the short-axis image.13 From these time-strain curves 
segmental peak strain was obtained, defined as the most negative longitudinal or circumferential, 
and the most positive radial strain value, respectively, at any time point during 1 cardiac cycle. 







Approximately normally distributed data are expressed as mean ± standard deviation. Not 
approximately normally distributed data are expressed as median (interquartile range). The 
Wilcoxon signed rank test was used to assess differences in biventricular performance in patients 
1 day postoperatively versus preoperatively, 1 year postoperatively versus 1 day postoperatively 
and 1 year postoperatively versus preoperatively. Because considerable variation in timing of 
medium-term follow-up was observed, linear mixed models were constructed for each 
echocardiographic parameter to assess the influence of follow-up duration. The duration between 
medium-term follow-up and the operation date was included as an independent variable in these 
models.  
The Mann-Whitney U-test was used to assess differences between controls and 
patients at medium-term follow-up, between patients with and without significant pulmonary artery 
stenosis (maximal pulmonary artery velocity >2,5m/s) and between patients with and without 
abnormal coronary anatomy. Correlations between RV performance parameters and maximal 
pulmonary artery velocity at discharge, were assessed using scatter plots and Spearman’s rank 
test. Finally, scatter plots and Spearman’s rank test were used to assess the correlation between 
RV performance parameters and aortic cross-clamp time and CPB time at medium-term follow-
up, and between age at operation and RV performance parameters preoperatively and at 





A total of 27 TGA patients were enrolled. One patient, who underwent reoperation for pulmonary 
artery stenosis before hospital discharge, was excluded. Accordingly 26 patients were included in 
our study. Additionally a group of 20 age-matched controls were included. No differences were 
observed between patients and controls in weight (8.5±2.2 vs. 9.6 ± 2.6 kg, p=0.16).  
Demographic characteristics of patients are summarized in Table 1. Before surgery, 18 
of 26 patients underwent a balloon atrial septostomy. The Lecompte procedure was carried out in 
all patients. Furthermore in 7 patients a VSD was closed (4 patch, 3 direct suture) in addition to 
ASO. In 2 patients the patch was visible in the 4-chamber view and echocardiograms of these 
patients were excluded from longitudinal speckle tracking strain analysis.  
In 18 of 26 patients coronary anatomy was normal (1LCx-2R). The remaining 8 patients 
had a differing coronary anatomy, including 4 patients with 1L-2RCx and 1 patient each with 1R-
2LCx, 1Cx-2RL, 1LCx-2RCx and 2RCxL. In 1 of these patients the coronary artery was damaged 
and subsequently repaired during surgery, without evidence of postoperative ischemia. 
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Table 1. Demographic parameters and operation characteristics of patients with transposition 











Approximately normally distributed data are expressed as mean ± standard deviation. Not 
approximately normally distributed data are expressed as median (interquartile range). 
 
No differences were observed in aortic cross-clamp time or CPB time between patients with 
normal versus differing coronary artery anatomy. One patient was re-operated for pulmonary 
artery stenosis after hospital discharge. The echocardiogram at medium-term follow-up in this 
patient was not included. Finally none of the patients had more than a trace of aortic insufficiency 
at medium-term follow-up, as qualitatively assessed using echocardiography.  
In the patients with TGA, echocardiography was performed preoperatively (N=25), 1 day 
postoperatively (N=22), at discharge (9 days [interquartile range, 7-12 days] postoperatively, 
N=25) and after medium-term follow-up (9 months [interquartile range 6-23 months] 
postoperatively, N=20). In none of the linear mixed models a contribution of the duration of follow-
up was observed, except in the MAPSE model. Because MAPSE values were comparable to 
controls at medium-term follow-up, as described below, this has little influence on our 




In TGA patients, LV chamber sizes were normal preoperatively (LVIDd 19 ± 3 mm; LVIDs 11 ± 2 
mm).14 Follow-up of parameters assessing LV systolic performance including FS, MAPSE, LV S’ 
and LV global peak strain parameters, revealed a decrease in these parameters 1 day 
postoperatively versus preoperatively.(Tables 2 and 3, Figure 1) Subsequently, a recovery was 
observed in LV systolic performance parameters during medium-term follow-up. This resulted in 
comparable values of all parameters describing LV systolic performance in patients versus 
controls 1 year postoperatively. (Table 2 and 3, Figure 1)  
Demographics  
N 26 
Male, N (%) 16 (62 %) 
  
Age at surgery, d 10 (7-14) 
Weight, kg 3.5 ± 0.5 
Body surface area, m2 0.23 ± 0.02 
  
Cardiopulmonary bypass time, min 160 ± 33 
Aortic cross-clamp time, min 106 ± 25 
  
Maximal pulmonary artery velocity, m/s 2.6 ± 0.9 
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In addition to global peak strain parameters, segmental peak strain parameters were 
compared in patients at medium-term follow-up versus controls. These analyses yielded 
comparable peak strain values in most segments. However, circumferential peak strain in the 
septal and anteroseptal segment remained impaired in patients versus controls (septal: -24.6 ± 
5.3 vs. -31.4 ± 7.0 %, p=0.008; anteroseptal:-26.2 ± 8.0 vs. -32.3 ± 6.7 %, p=0.04) and 
longitudinal peak strain in the basal septal segment remained increased (-21.6 ± 4.4 vs. -18.3 ± 
3.7 %, p=0.02).(Figure 2)  
LV diastolic performance, as assessed using LV E’, was decreased 1 day 
postoperatively versus preoperatively (5.5 ± 2.4 vs. 8.3 ± 3.5 cm/s, p=0.005). Subsequent follow-
up revealed an increase in LV E' (5.5 ± 2.4 vs. 12.6 ± 2.9, p=0.001) during the first postoperative 
year. At medium-term follow-up, no differences were observed in LV diastolic performance 
parameters in patients versus controls. (Table 2)  
 
RV 
Both parameters describing RV systolic performance, including RV S’ and TAPSE, and 
parameters describing RV diastolic performance, including RV E’ and RV E/E’, were impaired 1 
day postoperatively versus preoperatively.(Table 2, Figure 1) Subsequently, a recovery was 
observed in all RV performance parameters during medium-term follow-up.(Table 2, Figure 1)  
However, in contrast to LV performance parameters, parameters describing RV systolic 
and diastolic performance were still impaired in patients versus controls roughly 1 year 
postoperatively (TAPSE:11.6 ± 2.2 vs. 18.6 ± 3.1mm; RV S’:8.1 ± 2.3 vs. 12.6 ± 1.8 cm/s; RV 
E’:12.4 ± 3.0 vs. 18.2 ± 4.2 cm/s; RV E/E’:6.7 ± 2.1 vs. 4.3 ± 1.3; all p<0.001). Furthermore both 
RV S’ and E’ were lower in patients at medium-term follow-up vs. preoperatively (RV S’:8.1 ± 2.3 
vs. 10.1 ± 2.5 cm/s, p=0.048; RV E’:12.4 ± 3.0 vs. 16.5 ± 4.0 cm/s, p=0.022). 
 No correlation was observed between aortic cross-clamp time or CPB time and RV 
performance parameters at medium-term follow-up. Furthermore, age at operation was not 
correlated to RV performance parameters preoperatively or at medium-term follow-up, except for 
a weak correlation at medium-term follow-up between TAPSE and age at operation (P=0.016, R2 
= 0.28).  
In 4 patients tricuspid regurgitation velocity was >2,5 m/s. No significant correlation was 
observed between maximal pulmonary artery velocity at discharge and parameters describing RV 
systolic and diastolic performance at discharge or medium-term follow-up, except for a weak 
correlation between maximal pulmonary artery velocity and RV E’ at discharge (p=0.05, R2=0.17). 
Furthermore, at discharge no differences were observed in RV performance parameters between 



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































      Table 3. Left ventricular speckle tracking strain derived param
eters in patients preoperatively, during postoperative follow









1 d postop 


































-21.7 ± 3.4 
-13.7 ± 3.9 
-16.4 ± 3.2 
-21.5 ± 3.6 
 







42.4 ± 14.6 
22.3 ± 9.5 
27.1 ± 10.6 
40.3 ± 12.0 
 








-22.9 ± 4.6 
-16.8 ± 4.2 
-19.6 ± 6.0 
-21.1 ± 4.2 
 





Values are expressed as m













Follow-up in patients born with TGA after ASO is still characterized by decreased exercise 
capacity.3,4 Hemodynamic restrictions, including impaired ventricular performance, may add to 
this. Our results, which describe a decrease in biventricular performance parameters directly 
postoperatively, emphasize that ventricular performance decreases after surgery Furthermore, 
our study highlights that although LV performance recovers to control values, RV systolic and 
diastolic performance remain impaired within the first postoperative year.  
 
LV 
The acute decrease in LV systolic and diastolic performance directly following surgery observed 
in our study, is in agreement with previous studies of LV performance within the first 48 hours 
following ASO.6,7 The cause of this decrease could be multifactorial, including altered loading 
conditions, direct surgical trauma, reoxygenation injury and CPB associated ischemia or 
inflammatory cascades.6,7,15,16 Especially the altered loading conditions have been suggested to 
play a role in inducing LV dysfunction directly postoperatively. The LV is confronted with an acute 
increase in afterload following ASO, because the ventricle faces pumping against the high 
vascular resistance of the systemic circulation.6 This afterload increase may induce a decrease in 
LV performance. Yet, care must be taken in interpreting these results, because both TDI 
parameters and strain parameters are possibly load-dependent.17  
 
Figure 1. LV and RV systolic performance in patients during follow-up and in controls 
 
Box plots depicting mean and 95% confidence interval of the mean of left ventricular (LV) 
systolic and right ventricular (RV) systolic tissue Doppler imaging parameters in patients 




Follow-up studies beyond the first 48 hours have merely focused on long-term follow-up. 
These studies have presented contrasting results.18-22 Colan et al20 described normal FS 0.5to 10 
years postoperatively. In contrast, decreased FS and ejection fraction were described in more 
recent studies in patients versus controls 10-15 years postoperatively.18,19 Our results, which 
portray an improvement in LV performance parameters after surgery to control values, suggest 
total recovery of LV performance within the first postoperative year. Future studies are necessary 
to exclude subsequent deterioration.  
 
Of note is that while assessment of LV global peak strain parameters revealed no differences 
between patients and controls 1 year postoperatively, circumferential peak strain in the septal and 
anteroseptal segment did remain impaired. Previously, using wall motion analyses and 
myocardial perfusion scans, segmental abnormalities have also been observed.18,23 These 
abnormalities presented in variable segments. Yet, a trend of abnormal motion in especially the 
anterior segment can be observed.18,23 Furthermore, basal rotation was described to be 
decreased in patients born with TGA versus controls 12 years postoperatively, this was most 
pronounced in the anterior segment.21 In combination with our results this could imply increased 
vulnerability of anterior segments. However this suggestion must be interpreted with caution, 




Studies describing follow-up of ASO have generally focused on the LV. Yet our results support 
increased awareness of RV performance, because both RV systolic and diastolic performance 
parameters do not completely recover to preoperative levels. Furthermore, all RV performance 
parameters remained impaired in patients versus controls up to 1 year postoperatively. Although 
Figure 2. Segmental 
circumferential peak strain in 
patients born with 
transposition of the great 
arteries versus controls 
Bar graph depicting mean and 95% 
confidence interval of the mean 
peak circumferential segmental 
strain. * segments in which a 
significant difference was observed 
between patients and age-matched 
controls at medium-term follow-up.  
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our results are unique in their description of RV performance within the first postoperative year, 
our results are largely in line with previous long-term follow-up studies. While 1 study described 
normal RV ejection fraction 10 years after ASO24, most other long-term follow-up studies have 
demonstrated a variable degree of impairment of RV systolic21,25 and diastolic26 performance. The 
persistent impairment in RV performance parameters is of interest, because subtle changes in RV 
TDI parameters have shown to be of prognostic value for increased risk of cardiovascular 
events.27,28 Thus, our study identifies an increased vulnerability, which is already present directly 
after ASO. This impairment may not have a direct clinical consequence. Yet, if it persists, its 
prognostic value warrants careful follow-up of RV performance and may possibly contribute to 
earlier start of therapeutic strategies.  
 
Several theories could explain the persistent impairment of especially RV performance following 
ASO. Preoperatively, possible ischemia and hypoxia may have affected cardiac performance and 
leave the heart more vulnerable for reoxygenation injury during surgery.16  
Perioperative factors that may have contributed include incomplete myocardial 
protection, CPB and pericardial incision.29-31 The anterior position of the RV may render it more 
susceptible to incomplete myocardial protection than the LV.31 Regarding CPB, previous studies 
in both adults and children have reported that following a variety of cardiac surgeries using CPB, 
specifically RV performance remained impaired.5,29 Furthermore, a negative correlation between 
CPB time and ventricular performance has been described in CHD patients.15,32 Finally, a 
prolonged CPB time was associated with abnormal exercise capacity 13 years after ASO.4 The 
lack of correlation between CPB and RV performance parameters observed in our study does not 
support this suggestion. However, the small sample size and limited spread of CPB times may 
have concealed a correlation.  
Finally postoperative residua and complications, including pulmonary artery obstruction 
and coronary artery problems, may continuously alter RV performance. In patients born with TGA, 
pulmonary artery obstruction is a common complications of the Lecompte procedure, requiring 
reintervention in 10% of patients.2 A significant pulmonary artery obstruction will increase 
afterload, which may negatively influence RV performance.26 Furthermore, significant pulmonary 
artery obstruction was a predictor of decreased exercise capacity 13 years postoperatively.4 In 
contrast to these results, no significant correlation between maximal pulmonary artery velocity at 
discharge and RV performance parameters was observed in our study. Furthermore, at discharge 
no differences were observed in RV performance parameters between patients with and without 
significant pulmonary stenosis. However, because pulmonary artery obstruction may develop over 
time, these results do not exclude a possible influence of pulmonary artery obstructions during 
more long-term follow-up.  
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Lastly, ischemic damage caused by coronary artery injury, has been suggested to 
negatively influence postoperative RV performance.21 Damage is possible during transfer and 
fixation of the coronary arteries. In our study, in only 1 patient an injury to the coronary arteries 
was described. Still, coronary artery damage frequently goes unnoted during ASO, thus 
contribution of this factor can not be excluded based on these results. In addition, a differing 
coronary artery anatomy, which is associated with TGA, may prolong the surgical procedure.33 
This may also have a negative influence on cardiac performance. Yet, no significant differences 
were observed in aortic cross clamp time or CPB time in patients with and without differing 
coronary artery anatomy. This suggests that the presence of differing coronary artery anatomy 
does not or minimally influence the duration of CPB. This conclusion is in line with the 
suggestions by Giardini et al4. 
 
Limitations 
TDI parameters have been suggested to be age-dependent.34 Hence, the observed changes in 
TDI parameters preoperatively and 1 day postoperatively versus 1 year postoperatively may in 
part be age-related changes. Furthermore, special care must be taken in the interpretation of 
results of changes in TDI parameters preoperatively versus 1 year postoperatively, because these 
results may also be influenced by the load-dependence of TDI parameters. Nevertheless, similar 
follow-up is observed in LV global strain parameters, which are thought to be less age-
dependent.35 Finally our main conclusion, the persistent impairment of RV performance, is not 
affected by this age-dependency since age-matched controls were used.  
The small sample size included in this study prohibited solid analyses of the influence 
clinical parameters, including pulmonary artery stenosis, on postoperative impairment of RV 
performance. Hence, based on current results we can not rule these out as possible causes for 
the impaired RV performance.       
 
CONCLUSIONS 
After an initial decline in biventricular performance in patients born with TGA following ASO, LV 
systolic and diastolic performance recovered to control values within the first postoperative year. 
Hence, our results emphasize that if early ASO is performed, LV performance is not persistently 
impaired postoperatively. In contrast, RV systolic and diastolic performance remained impaired 
within the first year following ASO. The cause of the persistent impairment of RV performance 
may be multifactorial, including direct surgical trauma, reoxygenation injury, CPB-associated 
ischemia or inflammatory cascades, persistent pulmonary artery obstruction or damage to the 
coronary arteries. Our study could not elucidate the exact cause. However, our results do stress 
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Background Within the group of patients undergoing coarctectomy today, two subgroups can be 
identified: neonates with a critical coarctation and nonneonatal patients. We hypothesize that 
patients who have to undergo repair in the neonatal period will have more persistent impairment 
of ventricular performance postoperatively. Accordingly, we aimed to characterize biventricular 
performance after coarctectomy in neonatal and nonneonatal patients. 
Methods Children (aged 0 to17 years) undergoing a coarctectomy were prospectively included 
and classified as neonatal (<1 month old) or nonneonatal patients. Age-matched controls were 
included for each measurement occasion. To evaluate left (LV) and right ventricular (RV) 
performance, fractional shortening and peak systolic (S’) and early diastolic (E’) tissue Doppler 
imaging velocities and E/E’ were assessed preoperatively, at discharge and one year 
postoperatively (11.4 ± 8.3 months).  
Results In neonatal (N=18) and nonneonatal (N=19) patients LV performance significantly 
improved within the first postoperative year. Yet 1 year postoperatively, LV S’ was still lower in 
neonatal patients vs controls (4.8 ± 1.1 vs 6.1 ± 1.6cm/s; p=0.036), whereas comparable results 
were observed in nonneonatal patients and controls. One year postoperatively, LV diastolic 
performance was impaired in neonatal (LV E’ 8.7 ± 3.1 vs 13.2 ± 3.9cm/s, p=0.005) and 
nonneonatal patients (LV E’ 12.1 ± 3.5 vs 15.1 ± 2.4cm/s, p=0.008) vs controls. In RV 
performance variables no differences were observed one year postoperatively between neonatal 
or nonneonatal patients and controls. 
Conclusions In both subgroups, LV diastolic performance does not recover to normal values 
within the first postoperative year. However, LV systolic performance remains more persistently 




Aortic coarctation is defined by a distinct stenosis in the aorta at the (former) insertion of the 
ductus arteriosus. Nowadays correction of a coarctation is preferably performed within the first 
year of life.1 Follow-up studies have described decreased systolic and diastolic left ventricular (LV) 
performance in patients after coarctectomy.2-5 However, these studies have generally been 
performed in patients who underwent repair later in life. Hence whether these data can be applied 
to patients undergoing coarctectomy today, at a younger age, remains uncertain.  
Additionally, two distinct subgroups can be identified within the group of patients 
undergoing coarctation repair.6 These subgroups include neonatal patients presenting with a 
critical prostaglandin-dependent coarctation and nonneonatal coarctation patients, who usually 
present less symptomatic later in life. The more severe clinical presentation is the result of a 
higher preoperative hemodynamic burden7 and may influence postoperative performance. A 
recent study showed no significant difference in the postoperative morbidity and mortality between 
these subgroups.8 Yet, little is known on postoperative ventricular performance in patients who 
have to undergo repair in the neonatal period vs nonneonatal repair. We hypothesize that 
postoperative follow-up in these two subgroups of coarctation patients may be different, with a 
more persistent impairment of ventricular performance postoperatively in the neonatal group. 
Tissue Doppler imaging (TDI) has proven to be a reliable technique to comprehensively 
quantify LV and right ventricular (RV) systolic and diastolic performance.9,10 Accordingly, this 
study uses TDI to determine whether ventricular performance was impaired within the first 
postoperative year in patients undergoing coarctectomy today. Furthermore, in our evaluation we 




PATIENTS AND METHODS 
The institutional review board approved this study. Written informed consent was obtained from 
the study subjects or their parents or both. 
 
Study subjects 
We prospectively enrolled all consecutive patients (aged 0 to17 years) with an aortic coarctation 
who underwent coarctectomy between 2009 and 2012. Patients were included before surgical 
correction. Patients with an isolated coarctation, sometimes combined with a patent ductus 
arteriosus or hemodynamically insignificant ventricular or atrial septal defect, were eligible for 




Two subgroups of patients were identified: patients undergoing coarctectomy at younger 
than 1 month of age (neonatal) and at older than 1 month (nonneonatal). Demographic variables 
including weight, sex, body surface area, and age, were documented at study inclusion and at 
medium-term follow-up. In patients, systolic and diastolic blood pressure measured at the right 
arm was documented preoperatively and at discharge. transthoracic echocardiographic 
examinations were performed preoperatively, at discharge and after a medium term follow-up of 
approximately 1 year.  
 
Echocardiography 
Echocardiography was performed using a commercially available system (Vivid-7.0.0, General 
Electric Vingmed Ultrasound, Horten, Norway). Images were stored in digital format to allow off-
line analyses using EchoPac version 11.1.8 (General Electric Vingmed). All patients had a sinus 
rhythm during echocardiographic investigation.   
Fractional shortening (FS) (%) was used to assess LV systolic performance. To 
calculate FS, LV internal diameter at end-diastole (LVIDd) and at end-systole (LVIDs) were 
assessed in M-mode recordings of the LV long axis view and combined as follows [(LVIDd-
LVIDs)/LVIDd] X100%.   
Systolic and diastolic LV and RV performance were assessed using pulsed wave TDI. 
TDI images were recorded in 2-dimensional images of the 4-chamber view throughout three 
consecutive cardiac cycles. The angle of insonation was adjusted to align the ultrasound beam 
along the direction of myocardial motion. Subsequently, myocardial velocity curves were acquired 
by placing the cursor at the basal part of the LV lateral wall and RV free wall. 
In both ventricles, systolic performance was assessed by measuring peak systolic 
velocity (S’) in cm/s. Diastolic performance was assessed using the peak early diastolic velocity 
(E’) in cm/s. Peak mitral early wave velocity (LV E) and peak tricuspid early wave velocity (RV E) 
were measured in cm/s in spectral Doppler tracings of the apical 4-chamber view at the tip of the 
mitral valve or the tricuspid valve, respectively. Subsequently, LV and RV E/E’, diastolic variables 
strongly correlated with ventricular filling pressure,11,12 were calculated using E and E’.(Table 1) 
Additionally the flow gradient across the aortic valve (mm Hg) was assessed to evaluate 
the presence of aortic valve stenosis at medium-term follow-up. The peak instantaneous velocity 
at the previous coarctation site (Vmax) at discharge and medium-term follow-up was assessed 
using continuous wave Doppler flow examinations (m/s). Finally, LV mass at discharge and 
medium-term follow-up was calculated from M-mode parasternal long-axis images at end-
diastole.13 Indexed LV mass (LVMI) was subsequently calculated by dividing LV mass (g) by 




Table 1. Description of echocardiographic variables 
 Definition  Description 
FS [(LVIDd-LVIDs)/LVIDd] X100%  Measure of LV systolic performance 
S’ peak systolic TDI velocity  Measure of systolic performance 
    
E peak early wave Doppler flow velocity  Measure of diastolic performance 
E’ peak early diastolic TDI velocity  Measure of diastolic performance 
E/E’ spectral Doppler E divided by E’  Measure of diastolic performance 
FS, fractional shortening; LVIDd, left ventricular internal diameter at end-diastole; LVIDs, left 
ventricular internal diameter at end-systole; TDI, tissue Doppler imaging. 
 
Statistics 
Normally distributed data are expressed as mean ± standard deviation and non-normally 
distributed data as median (interquartile range). The Wilcoxon Signed Ranks test was used to 
assess changes in TDI variables during follow-up. The Mann-Whitney U test was used to assess 
differences in demographic and echocardiographic variables between patients and controls at 
each follow-up occasion. The association between LVMI and Vmax with LV performance variables 
at discharge and medium-term follow-up was assessed using linear regression. Age was included 
in the Vmax models as an independent variable to prevent bias due to age-dependency of TDI 
variables. Data analysis was performed using SPSS 20.0 (IBM Corp, Armanak, NY) considering a 
p Value of less than 0.05 statistically significant.   
 
RESULTS 
Demographic characteristics of patients are summarized in Table 2. The medium-term follow-up 
period was 9.8 ± 8.0 months in neonatal and 13.4 ± 8.3 months in nonneonatal patients. Age-
matched controls were included for neonatal and nonneonatal patients at each follow-up 
occasion. No significant differences were observed between patients and controls in sex, weight 
or age.  
Coarctectomy was performed through a left lateral thoracotomy in the fourth intercostal 
space. After systemic cooling to 35ºC the corrective repair was carried out and performed with an 
end-to-end anastomosis in 34 patients. In 1 patient, a subclavian flap was used, and in 2 
nonneonatal patients the length of the narrow segment demanded a different approach, including 





Table 2. Demographic variables in neonatal and nonneonatal coarctation patients 
Variablea Neonatal  Nonneonatal 
p Value  
  
N 18 19  
Male 11 17  
    
Age at operation (d) 15 (11 , 19) 131 (60 , 921) <0.001 
Weight preoperatively (kg) 3.4 (2.9 , 3.5) 7.0 (5.0 , 14.0) <0.001 
Body surface area preoperatively (m2) 0.23 (0.21 , 0.24) 0.38 (0.30 , 0.62) <0.001 
    
Duration of medium-term follow-up (mo) 9.2 ± 8.0 13.4 ± 8.3 0.093 
Age at medium-term follow-up (mo) 7 (5 , 14) 19 (13 , 31)  0.001 
Weight at medium-term follow-up (kg) 7.7 (5.9 , 8.9) 9.8 (9.2 , 13.1)  0.001 
aCategoric data are shown as number, and continuous data as mean ± standard deviation or median 
(interquartile range). 
 
 Three neonatal patients underwent cardiac catheterization with balloon angioplasty for a 
recoarctation 49, 71 and 152 days after initial repair. No echocardiogram at medium-term follow-
up of these patients was included. The flow gradient across the aortic valve was normal in 36 of 
37 patients and significant in 1 patient (36.7 mm Hg) at medium-term follow-up. Finally, at 
medium-term follow-up 2 neonatal and 2 nonneonatal patients were on cardiac medication.  
A higher Vmax at discharge was associated with a lower LV E’ (R2 = 0.26, p=0.023) and a 
higher LV E/E’ (R2=0.23, p=0.027),after correction for age. At medium-term follow-up this 
association was not observed.   
In 26 of 37 patients LV hypertrophy was assessed using LVMI. LV hypertrophy was 
present in 24 patients (92%) at discharge.14 Furthermore a higher LVMI at discharge was 
associated with lower LV S’ (R2=0.31, p=0.003), lower LV E’ (R2=0.54, p<0.001) and higher LV 
E/E’ (R2=0.48, p<0.001) measurements.(Figure 1) At medium-term follow-up, these associations 
were not observed. Yet hypertrophy was still present in 21 patients (81%), despite a significant 
decrease in LVMI in nonneonatal coarctation patients (LVMI medium-term follow-up vs discharge: 




































Preoperatively pH and base excess were below reference ranges in 13 neonatal coarctation 
patients (72%) with a median (interquartile range) pH of 7.31 (7.15, 7.31) and base excess of -6.9 
mmol/L (-12.7, -3.8) mmol/L). All neonatal patients received prostaglandin preoperatively and 11 
(61%) received inotropic agents or mechanical ventilation.  
Scatter dot plots presenting the relation between left ventricular diastolic TDI variables and LVMI (g/m2.7)  
at discharge (A) and medium-term follow-up (B).  
E, peak early wave Doppler flow velocity; E’, peak early diastolic TDI velocity; LV, left ventricle; S’,  
peak systolic TDI velocity 











(Mean ± SD) 
Nonneonatal 
(Mean ± SD) 
p Value  
 
Blood pressure    
   Preoperatively    
      Systolic(mm Hg) 85 ± 23 124 ± 19  
      Diastolic (mm Hg) 58  ± 16 74 ± 16  
   At discharge    
      Systolic (mm Hg) 94 ± 12 112 ± 15  
      Diastolic (mm Hg) 51 ± 9 65 ± 12  
    
LVMI  (g/m2.7)    
   At discharge 74 ± 18 63 ± 20 0.262 
   At medium-term follow-up  56 ± 17 50 ± 11 0.336 
    
Vmax (m/s)    
   At discharge  2.5 ± 0.7 2.0 ± 0.5 0.027 
   At medium-term follow-up  2.5 ± 0.8 1.9 ± 0.5 0.033 
LVMI, indexed left ventricular mass; SD, standard deviation; Vmax, peak instantaneous velocity at the 
previous coarctation site 
 
 
Pulmonary hypertension, as assessed using echocardiography (tricuspid regurgitation>3.5 m/s), 
was observed in 6 patients (33%) preoperatively. Pulmonary hypertension was still present in 1 
patient postoperatively, but had resolved at medium-term follow-up. 
LV systolic and diastolic TDI measurements were significantly impaired preoperatively in 
patients vs controls.(Tables 4a, 4b) Although a significant improvement was observed after 
discharge, LV S’, E’ and E/E’ were all still impaired in patients vs controls at medium-term follow-
up.(Tables 4a,4b, Figure 2, 3)  
 RV systolic performance, as assessed using RV S’, was not significantly different in 
patients vs controls preoperatively; however RV diastolic performance variables were impaired 
preoperatively (RV E’ 10.1 ± 3.9 vs 14.1 ± 6.0 cm/s, p =0.059; RV E/E’ 8.8 ± 3.6 vs 5.0 ± 1.5, 
p<0.001). RV systolic and diastolic performance variables improved after discharge.(Table 4a) 
Finally, at medium-term follow-up (9.8 ± 8.0 months postoperatively) no differences were 



































































































































































































































































































































































































































































































































































































































































































































































Table 4b. p Values for neonatal coarctation patients vs controls 
E, peak early wave Doppler flow velocity; E’, peak early diastolic tissue Doppler imaging velocity; FS, 




A total of 17 nonneonatal coarctation patients (89%) presented with a cardiac murmur only. A 
coarctation was suspected prenatally in 1 patient and 1 patient presented with dyspnea. 
Furthermore, 18 patients (95%) did not receive any kind of cardiac or ventilatory support 
preoperatively. Pulmonary hypertension was not observed in any nonneonatal patient.  
Preoperatively, LV systolic and diastolic performance was significantly impaired in 
patients vs controls.(Tables 5a, 5b) Subsequently a significant increase in LV S’ was observed at 
discharge vs preoperatively (5.7 ± 2.2 vs 4.5 ± 1.3 cm/s, p=0.036), yet no significant changes 
were observed in FS or diastolic LV TDI variables. FS remained stable after discharge, while a 
significant improvement was observed in TDI variables (LV S’ 5.7 ± 2.2 vs 7.3 ± 2.5 cm/s, p= 
0.023; LV E’ 8.8 ± 4.5 vs 12.1 ± 3.5 cm/s, p=0.011; LV E/E’ 17.6 ± 9.7 vs 11.4 ± 4.2, p=0.001). 
This resulted in comparable LV S’ measurements in patients vs controls at medium-term follow-
up.(Figure 2) LV diastolic performance variables remained impaired.(Tables 5a, 5b, Figure 3)  
RV S’ was not significantly different in patients vs controls at any follow-up occasion, 
and no significant changes were observed during follow-up.(Tables 5a, 5b) Although RV diastolic 
performance variables were significantly impaired preoperatively, no significant difference was 






Preoperatively At discharge Medium- term  
follow-up 
LV FS (%) 0.867 0.202 0.164 
 S' (cm/s) 0.006 <0.001 0.036 
     
 E' (cm/s) 0.011 <0.001 0.005 
 E/E'  <0.001 <0.001 <0.001 
RV S' (cm/s) 0.650 0.292 0.571 
     
 E' (cm/s) 0.059 0.041 0.734 


































Box plots depict mean and 95% confidence interval of the mean in neonatal (A) and nonneonatal 
(B) coarctation patients. 
LV S’, left ventricular peak systolic tissue Doppler imaging velocity . 
Figure 2. Left ventricular systolic performance in neonatal and nonneonatal coarctation 
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42.5 ± 6.9 
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Table 5b. p Value for nonneonatal coarctation patients vs controls 
 
E, peak early wave Doppler flow velocity; E’, peak early diastolic tissue Doppler imaging velocity; FS, 




In neonatal and nonneonatal coarctation patients, LV systolic and diastolic performance was 
impaired preoperatively and improved significantly within the first year after repair (11.4 ± 8.3 
months). Nonetheless, LV diastolic performance variables were still impaired in both subgroups 1 
year postoperatively compared with controls. A persistent impairment in LV systolic performance 
was only observed in neonates.  
 
Neonatal patients 
Most patients who need a coarctectomy in the neonatal period present with circulatory problems 
and need immediate stabilization. These clinical symptoms are often the result of a high 
hemodynamic burden preoperatively, caused by a complex interplay between anatomic, 
mechanical, flow rate and ventricular variables.7 Accordingly, we hypothesized that postoperative 
follow-up in these patients was different from nonneonatal patients.   
One previous study described a follow-up of 13 neonatal patients presenting with 
cardiogenic shock. Similar to our results, biventricular performance was impaired preoperatively in 
these patients and improved after coarctectomy.6 Our study extends previous findings by 
describing a considerably longer follow-up and by highlighting a persistent impairment of LV 
systolic and diastolic performance. The lack of impairment of FS in our results could be explained 
by overestimation of ventricular performance by endocardial-derived variables in patients with 
hypertrophy.15 Hence, our results do indeed imply a persistent impairment of ventricular 
performance. In addition to previously described differences in hemodynamic burden, prenatal 
Variable 
 
Preoperatively At discharge Medium- term  
follow-up 
LV FS (%) 0.607 0.006 0.024 
 S' (cm/s) <0.001 0.103 0.616 
     
 E' (cm/s) 0.004 0.015 0.008 
 E/E'  <0.001 0.002 <0.001 
RV S' (cm/s) 0.799 0.840 0.270 
     
 E' (cm/s) 0.042 0.070 0.564 
 E/E'  0.031 0.081 0.354 
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development and residual stenosis at the previous coarctation site may add to this impairment, as 
discussed below.  
Although RV diastolic performance was impaired preoperatively in our study, recovery to 
control values was observed after coarctectomy. A possible explanation for the observed rapid 




We observed a recovery to normal values of LV systolic performance within the first postoperative 
year in nonneonatal patients. This result is different from previous studies, which demonstrated 
decreased LV systolic performance, as assessed with TDI or strain imaging.2-5,17 These 
contrasting results could be explained by the younger median age at coarctectomy in our study 
(4.2 months) compared with previous studies (4 to 20 years).2-5 This is in line with an earlier study, 
which described a significant correlation between decreased systolic strain rate and older age at 
coarctectomy.17  
Current results provide encouraging results regarding LV systolic performance. Yet the follow-up 
period in previous studies was much longer, and future studies are necessary to exclude 
subsequent deterioration.  
 
Similar to neonatal coarctation patients, LV diastolic performance in nonneonatal patients is 
impaired preoperatively and remained impaired within the first postoperative year. Current results 
are in agreement with previous studies; although these were performed in patients who underwent 
coarctectomy at an older age 4,5,18,19 and/or several years after repair.17,20  
  The persistent impairment of LV diastolic performance in both subgroups may provide 
further insight in the mechanisms leading to increased risk of cardiovascular disease long-term 
after coarctectomy. Many mechanisms have been described to increase this risk, including 
persistent systemic hypertension, bicuspid aortic valves and impaired peripheral vascular 
function.5 Considering the association between LVMI and LV performance variables, current 
results support the theory that LV remodeling leads to hypertrophy and LV dysfunction.21 
Hypertrophy is suggested to develop in coarctation patients due to the preoperative obstruction 
and to remain present postoperatively due to increased central aortic stiffness and hypertension.22  
 
Neonatal vs nonneonatal patients  
The present results reveal that LV systolic performance remains more persistently impaired in 
neonates. LV S’ recovered to normal values in nonneonatal patients but remained impaired in 
neonatal patients. In addition to previously described differences in hemodynamic burden, 
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prenatal development and residual stenosis at the previous coarctation site may add to this 
difference. Similar to postnatally, the hemodynamic burden may be higher in neonatal patients 
prenatally, which may influence prenatal development.23 Residual stenosis at the previous 
coarctation site is known to occur more often after coarctectomy in the neonatal period. In 
combination with the significantly higher Vmax in neonatal patients and the correlation between Vmax 
and LV diastolic variables observed in our study, this may suggest a role for residual stenosis at 
the previous coarctation site in postoperative impairment.  
More persistent impairment of LV systolic performance in neonatal patients may leave 
this subgroup more vulnerable for complications and may necessitate a different approach in 





















Figure 3. Left ventricular diastolic performance in neonatal and nonneonatal coarctation 
patients at medium-term follow-up vs age-matched controls 
Box plots depict mean and 95% confidence interval of the mean in neonatal (A) and nonneonatal 
(B) coarctation patients.  




This study has some limitations. TDI variables are known to be age-dependent.24 Hence, we 
cannot exclude that some changes in TDI variables during follow-up might be partially accounted 
for by an age-related increase. Furthermore, the age-dependency of TDI variables prohibited a 
direct comparison of neonatal and nonneonatal patients. However, by comparing both subgroups 
of patients with their own group of age-matched controls, our main conclusions were not affected 
by age-dependency.   
In addition, TDI variables can only provide an estimation of biventricular performance. 
Accordingly, present results should be interpreted with care and reevaluated using differential 
techniques.  
The current results only provide blood pressure measurements preoperatively and at 
discharge. Hence, we could not evaluate the influence of possible hypertension on LV dysfunction 
at medium-term follow-up.  
 
In conclusion, although RV systolic and diastolic performance was similar in neonatal and 
nonneonatal coarctation patients vs controls after the first postoperative year, LV performance 
remained impaired. In-depth follow-up of LV performance revealed that LV systolic and diastolic 
performance were both impaired in both subgroups of coarctation patients preoperatively and 
improved during medium-term follow-up after coarctectomy. Nonetheless, variables assessing LV 
diastolic performance were still impaired in both subgroups 1 year postoperatively. The correlation 
between LV performance variables and LVMI stresses a contribution of persistent LV hypertrophy 
to this impairment.  
Of particular interest is LV systolic performance, which remains impaired in neonatal but 
not in nonneonatal patients. These results encourage more specific and careful follow-up of LV 
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The number of patients with a congenital heart defect (CHD) surviving into adulthood is growing.1 
Both improvements in surgical techniques, perioperative care and close postoperative follow-up 
have aided to this.2-4 Although long-term survival seems promising, a varying degree of 
impairment of ventricular performance was observed long-term after surgery. 5,6 As mentioned in 
the introduction, this impairment may develop over time as a consequence of residua, sequelae 
and complications. Yet, preoperative and perioperative factors may also induce an impairment of 
ventricular performance shortly after surgical correction, which may persist over time. Only a 
limited number of studies describe longitudinal follow-up of ventricular performance after the 
immediate postoperative period. Accordingly, this thesis was aimed to shed more light on 
changes in ventricular performance after surgery for a CHD, with follow-up starting preoperatively 
and continuing to over one year after surgical correction.  
 
Several techniques can be used to assess ventricular performance following CHD surgery. 
Especially in the immediate postoperative period, echocardiography is often used, as this 
technique is readily available, relatively inexpensive, and can be performed without sedation.7,8  
In recent years a multitude of new echocardiographic techniques have been introduced. 
An overview of these techniques is given in chapter 2 of this thesis. As portrayed in this chapter 
the introduction of new echocardiographic techniques, including tissue Doppler imaging (TDI) and 
speckle tracking strain imaging, has boosted the ability of echocardiography to provide a 
comprehensive insight in both global and regional ventricular performance. Both TDI, speckle 
tracking strain imaging and 3-dimensional echocardiography have been suggested to detect more 
subtle changes in ventricular performance than conventional parameters (e.g. fractional 
shortening, FS).  
These developments in echocardiographic techniques have been important for the 
evaluation of ventricular performance after surgery for a CHD. This suggestion is supported by the 
second part of chapter 2, which reviews existing literature on ventricular performance, as 
assessed using echocardiography, following correction of a CHD. Using a variety of 
echocardiographic techniques the cited studies describe a decrease in ventricular performance 
shortly after surgery. Both preoperative, perioperative and postoperative factors may add to this 
direct postoperative impairment. Studies describing ventricular performance more long-term after 
surgery of a CHD are often cross-sectional studies. These studies describe a varying degree of 
postoperative impairment of ventricular performance.  
 
Healthy pediatric subjects 
To allow correct interpretation of echocardiographic measurements in pediatric CHD patients, 
knowledge of the characteristics of these techniques in healthy children is vital. In addition to 
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acquiring reference values, assessment of the reproducibility and feasibility of new measurements 
in children is important, as these may be different from adults.  
 
In this thesis we focused on reference values and characteristics of two echocardiographic 
techniques in children, TDI and speckle tracking strain imaging. Prior to the start of this research 
project, our research group assessed TDI derived peak systolic velocity measurements and 
timing of peak systolic velocities in 123 healthy subjects (1 month to 18 years old).9 This analysis 
provided age-related reference values of peak systolic velocities. These results were in line with 
the few other studies evaluating TDI velocities in healthy pediatric subjects.10,11 However, 
knowledge of TDI velocities in specific subgroups of pediatric subjects, e.g. neonatal subjects, 
was limited.  
 Neonatal subjects constitute a specific subgroup of pediatric patients because especially 
in the first few months of life, hemodynamic and growth related changes occur. These changes 
may influence echocardiographic parameters, and thus careful evaluation of new 
echocardiographic techniques in neonatal subjects is desirable.12,13 Chapter 3.1 describes follow-
up of TDI velocities and speckle tracking strain derived longitudinal, radial and circumferential 
peak strain as assessed in the LV of healthy neonates. Subjects were studied 1-3 days, 3 weeks 
and 6-7 weeks after birth. A significant increase in LV systolic and diastolic TDI parameters was 
observed up to 6-7 weeks after birth. These changes could be the result of an increase in LV 
performance or changes in translational movement of the heart. However, significant (cardiac) 
growth may also be a major determinant of changes in TDI velocities in neonates and infants. 
Previously a significant influence of growth on TDI parameters has been described in fetuses and 
children and Z-scores have been published for TDI parameters in children.10,14 Yet, in neonates 
this underlying cause for changes in TDI velocities has been underexposed thus far.  
 Furthermore, speckle tracking strain derived global peak strain parameters were 
assessed during echocardiographic follow-up in neonates. No significant changes were observed 
in these parameters during the entire follow-up period. This stability may render this technique 
particularly valuable in evaluation of LV systolic performance during periods of significant growth, 
such as the neonatal period. 
 
In addition to evaluation of peak strain parameters, speckle tracking strain imaging can be used to 
assess intraventricular time-differences. Parameters describing intraventricular time-differences 
were introduced to detect disturbance of coordinate wall motion, mechanical dyssynchrony. Left 
ventricular (LV) dyssynchrony is believed to result in inefficient pump function, which could lead to 
depressed LV performance and heart failure.15 In addition, dyssynchrony was suggested to 
predict response to cardiac resynchronization therapy as therapy for heart failure. In chapter 3.2, 
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two types of speckle tracking strain derived parameters describing intraventricular time-
differences were assessed in a sizable population of healthy subjects (n=183). Parameters 
describing intraventricular time-differences were calculated from longitudinal, radial and 
circumferential speckle tracking strain measurements. These parameters included the standard 
deviation of time to peak strain of several segments (SDt, ms) and the differences in time to peak 
strain between two specified segments (delay, ms). Both SDt-parameters and delay parameters 
had a relatively high feasibility in pediatric subjects and were age and heart rate independent; 
characteristics which could facilitate their possible use. However, the limited reproducibility of both 
SDt and delay parameters is worrisome. For delay parameters, the combination of limited 
reproducibility with a wide interquartile range may confine use of these parameters in clinical 
practice in children. Although not widely published, previous results of reproducibility analyses of 
delay parameters in adults show a similar trend.16  
Besides parameters describing intraventricular time-differences chapter 3.2 describes 
reference values of LV global peak strain parameters. These parameters were age independent, 
and the reproducibility of longitudinal and circumferential global peak strain parameters was 
relatively good. Accordingly, these results in healthy children stimulate further study and use of 
global peak strain parameters in pediatric patients.  
  
CHD patients 
In the final part of this thesis, TDI velocities and speckle tracking strain derived peak strain 
parameters were used to describe follow-up of several subgroups of pediatric CHD patients after 
surgical correction. 
 In chapter 4.1 a mixed group of 141 CHD patients and 40 age-matched controls were 
included, who underwent echocardiographic follow-up after CHD correction. Patients underwent 
echocardiography preoperatively, one day postoperatively and at hospital discharge. A significant 
decrease in parameters describing LV and right ventricular (RV) systolic and diastolic 
performance was observed directly following surgery. This was followed by a recovery in most 
echocardiographic parameters in the following week. At discharge no significant differences were 
observed in conventional echocardiographic parameters in patients versus controls, while LV and 
RV TDI parameters remained significantly impaired. These results may imply that TDI parameters 
detect more subtle differences in ventricular performance than conventional parameters.  
Furthermore, a possible association between various peri- and postoperative 
parameters and postoperative TDI parameters was evaluated in the mixed group of CHD patients. 
No association was observed between inotropic score and TDI parameters. However the 
presence of a negative association between aortic cross-clamp time and several TDI 
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measurements until discharge, suggests a prolonged influence of cardiopulmonary bypass (CPB) 
on biventricular performance.  
 
In chapter 4.2 a longer follow-up, up to one year postoperatively, is described in ventricular septal 
defect (VSD) patients undergoing surgical correction. In this study, LV and RV systolic 
performance were assessed preoperatively, one day postoperatively, at discharge and at 
medium-term follow-up (3-20 months postoperatively) in 39 VSD patients and 22 age-matched 
controls. Similar to previous results in the mixed group of CHD patients, we observed an initial 
decrease in biventricular systolic performance directly following surgery. Subsequently LV and RV 
systolic performance parameters increased within the first year following repair. This resulted in 
LV systolic performance parameters which were comparable to controls after medium-term follow-
up. Hence preoperative LV volume-loading, which is thought to induce preoperative LV 
remodeling in VSD patients,17 does not lead to persistent impairment of LV performance following 
surgery. In contrast, RV performance parameters remained impaired in patients versus controls 
up to 20 months after surgical correction.  
A similar follow-up duration is described in Chapter 4.3 for a second subgroup of CHD 
patients undergoing surgical correction using CPB; patients with transposition of the great arteries 
(TGA) undergoing an arterial switch operation (ASO). Both LV and RV TDI velocities and speckle 
tracking strain derived LV peak strain parameters were used in this study to describe biventricular 
systolic and diastolic performance. After an initial decline in LV and RV systolic and diastolic 
performance, LV TDI velocities and speckle tracking strain derived peak strain parameters 
recovered to values comparable to controls within the first postoperative year. Hence, current 
results emphasize that if early surgical correction is performed, LV performance is not persistently 
impaired after ASO. In contrast, similar to previous results in VSD patients, parameters describing 
RV performance remained impaired in patients as compared to controls within the first 
postoperative year.  
Although not previously observed in VSD and TGA patients, a persistent impairment of 
specifically RV performance was observed in both adults and children following a variety of other 
cardiac surgeries using CPB.18-20 Much has been speculated on the reason why specifically RV 
and not LV performance parameters remain impaired in patients after cardiac surgery. Possibly 
the thin-walled RV is more susceptible to local tissue damage than the LV or myocardial 
protection is less effective in the more anteriorly located RV than the LV.21,22 Alternatively, CPB 
associated ischemia and inflammatory cascades or preoperative pressure and volume overload 
could influence RV performance.23 Finally, pericardiotomy and pericardial adhesions have been 
suggested to play a role in RV dysfunction after surgery.19,24 Furthermore, in TGA patients 
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additional factors, including preoperative hypoxia and postoperative residua and complications of 
ASO may also affect postoperative ventricular performance.25  
 
In chapter 4.4 we describe follow-up of ventricular performance after surgical correction of an 
aortic coarctation up to one year postoperatively. Two distinct subgroups can be identified within 
the group of patients undergoing coarctation repair in the current era.26 These subgroups include 
neonatal patients presenting with a critical prostaglandin-dependent coarctation and non-neonatal 
coarctation patients, who usually present less symptomatic later in life. We hypothesized that 
follow-up of ventricular performance in patients who had to undergo a coarctectomy in the 
neonatal period, was characterized by a more persistent impairment of ventricular performance 
postoperatively, as compared to patients who underwent repair later in life. Hence, postoperative 
ventricular performance was analyzed separately in these subgroups.  
In both subgroups of coarctation patients little change was observed in RV performance 
during follow-up and RV performance was not impaired in patients versus controls one year 
postoperatively. On the other hand, LV systolic and diastolic performance parameters were 
impaired in both subgroups of coarctation patients preoperatively. Although no change was 
observed in LV performance parameters one day postoperatively versus preoperatively, 
subsequent follow-up revealed a significant improvement in LV performance parameters within 
the first postoperative year. Nonetheless one year postoperatively LV diastolic performance 
parameters were still impaired in both subgroups of patients as compared to controls. In LV 
systolic performance parameters an important difference was observed between subgroups one 
year postoperatively; LV S’ recovered to normal values in non-neonatal patients while remaining 
impaired in neonatal patients. These results suggest a more persistent impairment in neonates. In 
addition to previously described differences in hemodynamic burden, prenatal development and 
residual stenosis at the previous coarctation site may add to this difference. 
   
Conclusions and future perspectives 
This thesis provides additive insights in characteristics of newly introduced echocardiographic 
parameters in healthy controls and their use in follow-up in patients with a CHD. 
TDI derived velocity parameters are reproducible and feasible in children. Yet the use of 
age or growth-dependent reference values is recommended. This may be especially important in 
neonatal subjects, in whom we observed significant changes in (cardiac) growth simultaneously 
with significant changes in TDI parameters. Use of speckle tracking strain derived global peak 
strain parameters in children is encouraged based on current results. A good reproducibility, age-
independent values and stability of global peak strain measurements in neonatal subjects support 
this. In contrast, the limited reproducibility of speckle tracking strain derived parameters 
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describing intraventricular time-differences is worrying. These observations underline the need for 
studies which critically validate newly introduced echocardiographic parameters in healthy 
children.  
Introduction of TDI and speckle tracking strain imaging has enhanced the ability of 
echocardiography to objectively quantify ventricular performance.27 However, it is important to 
remain responsible in the use of the multitude of new echocardiographic parameters. Hence, in 
our opinion current trends of calculations of z-scores and standardization of echocardiographic 
measurements in pediatric patients should certainly be encouraged.10,28  
 In addition to critical validation of newly introduced echocardiographic techniques in 
healthy children, validation in children with a cardiac disease remains imperative. Current results 
of characteristics and reference values in healthy children are an important first step. However 
knowledge of the magnitude of deviations of normal values in patients with a cardiac disease for 
example is essential to place the observed characteristics in perspective. Accordingly, large 
studies in pediatric patients with a cardiac disease are important and needed to further evaluate 
the value of these parameters in pediatric patients. 
 
In addition to echocardiographic parameters in healthy children, this thesis describes follow-up of 
ventricular performance in CHD patients. In brief, these studies describe a significant decrease in 
biventricular performance immediately postoperatively in patients undergoing surgery for a CHD 
using CPB. During subsequent follow-up LV performance recovered to control values, while RV 
performance remained impaired in both VSD and TGA patients up to one year postoperatively. 
Furthermore, a longer-lasting negative influence of CPB on myocardial performance was 
suggested.  
Interestingly, follow-up in coarctation patients was very different from follow-up in VSD 
and TGA patients. No significant decrease was observed immediately after surgery, and LV in 
contrast to RV performance remained impaired up to one year postoperatively. These differences 
in follow-up patterns are remarkable. Coarctation patients were the only subgroup studied in this 
thesis that underwent surgery without use of CPB. In combination with the negative association of 
CPB and postoperative ventricular performance observed in chapter 4.1 and several previous 
studies,19,23,29 this observation suggests a role for CPB in postoperative impairment of ventricular 
performance. Yet, the absence of myocardial surgical scars and pericardiotomy in patients 
undergoing coarctectomy may also underlie this difference.24  
Based on current results, we can only speculate on the underlying cause for the 
observed difference in follow-up patterns. Yet, further understanding could provide valuable 
knowledge for development of therapeutic strategies. Hence, in our opinion, this is an important 
topic for future research.  
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Furthermore the observation of persistent impairment of RV systolic and diastolic performance in 
both VSD and TGA patients certainly deserves attention in future research. A significant decrease 
in biventricular performance immediately after surgery was described previously.30,31 However 
present studies in VSD and TGA patients are unique in their subsequent length of follow-up. 
Considering the persistent impairment of RV performance it is important to lengthen the follow-up 
duration further in future research. This will elucidate whether the impairment of RV performance 
is long-lasting but still transient or a life-long state.  
 In addition, the clinical relevance of the observed impairment of RV performance 
parameters was not established in current studies. Subtle changes in RV performance 
parameters have shown to be correlated to increased risk of cardiovascular events in adult heart 
failure patients.32,33 However, the prognostic value and clinical relevance of impaired RV 
performance parameters in children is less well established.  
Both the persistence of RV impairment during long-term follow-up and its clinical 
relevance could be derived from a solid longitudinal follow-up study starting at surgery and 
continuing into adulthood. In practice, this may be best achieved by addition of a standardized 
protocol of TDI and speckle tracking strain imaging to current echocardiographic follow-up in CHD 
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De vooruitzichten van patiënten die geboren worden met een aangeboren hartafwijking zijn 
steeds beter geworden in de afgelopen jaren. Betere operatietechnieken en verbeteringen in de 
zorg rondom de operatie hebben hier alle aan bijgedragen. Nu steeds meer patiënten een 
operatieve correctie overleven en volwassen worden, wordt het ook steeds belangrijker om te 
weten of deze patiënten vervolgens een ‘normaal’ leven kunnen leiden. Eén van de factoren die 
hiervoor belangrijk is, is het behouden van een goede hartfunctie.  
In eerdere onderzoeken is naar voren gekomen dat lang na de operatie van een 
aangeboren hartafwijking de functie van de ventrikels (hartkamers) vaak verminderd is. Het zou 
kunnen zijn dat de ventrikelfunctie pas lange tijd na de operatie vermindert. Echter, het is ook 
mogelijk dat deze verminderde ventrikelfunctie al tijdens of kort na de operatie zijn grondslag 
vindt. Tot nu toe zijn er slechts een beperkt aantal studies gedaan waarin veranderingen in de 
ventrikelfunctie na een operatie van een aangeboren hartafwijking zijn gevolgd. Met name 
(eventuele) veranderingen in de ventrikelfunctie tot een jaar na de operatie zijn in de huidige 
studies onderbelicht. Wij hebben ons daarom ten doel gesteld om de follow-up van de 
ventrikelfunctie te beschrijven tot een jaar na operatie van een aangeboren hartafwijking.  
 
Verschillende beeldvormende technieken kunnen gebruikt worden om de ventrikelfunctie te 
beoordelen. Direct na een operatie wordt voornamelijk echocardiografie gebruikt. 
Echocardiografie geeft een goed beeld van zowel de linker als rechter ventrikelfunctie en is 
bovendien direct beschikbaar. De laatste jaren zijn er een aantal nieuwe echocardiografische 
technieken en parameters geïntroduceerd, zoals beschreven in hoofdstuk 2 van dit proefschrift. 
Hieronder vallen onder andere tissue Doppler imaging (TDI) en speckle tracking strain imaging. 
Met TDI wordt gekeken naar de snelheid van beweging van het hartweefsel op een bepaald punt 
in de wand van de hartkamer. Aan de hand van de pieksnelheden kan vervolgens zowel de 
systolische functie (knijpkracht) als de diastolische functie (mate van ontspanning) van de linker 
en rechter ventrikel beschreven worden. Een andere techniek die veelvuldig gebruikt wordt in dit 
proefschrift is speckle tracking strain imaging. Met deze techniek wordt gekeken naar de beeld-
tot-beeld beweging van zogenaamde speckles (de witte stipjes op een echo, natural acoustic 
markers, die karakteristiek zijn voor bepaalde plekken in de ventrikelwand). Deze beweging wordt 
beschreven met behulp van strain. Strain wordt gedefinieerd als de procentuele verandering in 
afstand tussen twee speckles van beeld-tot-beeld.  
Naast de beschrijving van de voor- en nadelen en het gebruik van de verschillende 
echocardiografische technieken en parameters, wordt in hoofdstuk 2 ook de huidige kennis 
omtrent de follow-up na operatieve correctie van een aangeboren hartafwijking beschreven. Deze 
follow-up wordt beschreven in een aantal subgroepen, waaronder patiënten met een 
atriumseptumdefect (een gat tussen de boezems), ventrikelseptumdefect (een gat tussen de 
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ventrikels), transpositie van de grote vaten (verwisseling in de aansluiting van de 
lichaamsslagader en de longslagader), Tetralogie van Fallot en een univentriculair hart. Hieruit 
kwam naar voren dat er een daling is in de ventrikelfunctie direct na een operatie van een 
aangeboren hartafwijking. Verschillende preoperatieve, perioperatieve (rondom de operatie) en 
postoperatieve factoren kunnen hieraan bijdragen. Eventuele veranderingen in de ventrikelfunctie 
na deze initiële daling zijn, onder andere in patiënten met een ventrikelseptumdefect en 
transpositie van de grote vaten, onderbelicht. Het is hierdoor onduidelijk in hoeverre herstel 
optreedt tijdens een langere follow-up duur. Echter, lang na de operatie is er in verschillende 
subgroepen, waaronder patiënten met transpositie van de grote vaten, een verminderde 
ventrikelfunctie beschreven.  
 
Gezonde kinderen 
In de hoofdstukken 3.1 en 3.2 van dit proefschrift worden referentiewaarden en karakteristieken 
van verschillende echocardiografische parameters in gezonde kinderen beschreven. Kennis van 
deze karakteristieken in gezonde mensen is belangrijk om veranderingen bij patiënten beter in 
perspectief te kunnen zetten. Het is bovendien belangrijk om deze studies zowel bij volwassenen 
als bij kinderen te doen. Dit is noodzakelijk omdat bijvoorbeeld de groei van kinderen invloed kan 
hebben op echocardiografische parameters. Voor veel nieuwe echocardiografische parameters is 
er nog onvoldoende kennis van referentiewaarden en karakteristieken bij gezonde kinderen. Wij 
hebben ons daarom ten doel gesteld om deze lacune (gedeeltelijk) op te vullen.  
 Eerder beschreef onze onderzoeksgroep de normaalwaarden van TDI parameters in 
een groep gezonde kinderen tussen de 0 en 18 jaar. Met hoofdstuk 3.1 breiden we deze kennis 
van TDI parameters verder uit door te focussen op de gezonde pasgeborenen. Deze subgroep is 
interessant omdat pasgeborene snel groeien en dit kan invloed hebben op de 
echocardiografische parameters. Om eventuele veranderingen in echocardiografische 
parameters bij pasgeborenen te bestuderen maakten we echo’s 1-3 dagen, 3 weken en 6-7 
weken na de geboorte. We bepaalden in deze echo’s zowel de systolische als de diastolische TDI 
pieksnelheid in de linker ventrikel vrije wand en het interventriculair septum. Daarnaast bepaalden 
we de van speckle tracking strain afgeleide piek-strain parameters. Tijdens de follow-up 
constateerden wij een toename in de systolische en de diastolische TDI pieksnelheid parameters. 
Dit zou kunnen duiden op een snellere beweging van de ventrikelwand en hiermee een 
verbetering van de linker ventrikelfunctie in deze periode. Echter, bij eerder onderzoek met 
foetussen en oudere kinderen is gesuggereerd dat TDI parameters ook worden beïnvloed door 
groei. Dit zou juist bij pasgeborenen extra belangrijk kunnen zijn, omdat er in deze periode relatief 
veel groei is. Dit is onder andere te zien aan de snelle toename van zowel het lichaamsgewicht 
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als de grootte van het hart. De toename in de systolische en diastolische TDI pieksnelheid 
parameters zou dus ook het gevolg kunnen zijn van de snelle groei.  
In tegenstelling tot de TDI pieksnelheid parameters bleven de van speckle tracking 
strain afgeleide piek-strain parameters stabiel tijdens onze follow-up. Deze stabiliteit bij gezonde 
kinderen maakt het gemakkelijk om bij zieke kinderen afwijkingen te herkennen. Dit stimuleert het 
gebruik van piek-strain parameters bij beschrijving van de systolische ventrikelfunctie bij patiënten 
waarbij snelle groei plaatsvindt, zoals bij pasgeborenen.  
 
In hoofdstuk 3.2 focusten we enkel op speckle tracking strain imaging. We onderzochten de 
referentiewaarden en karakteristieken van een aantal speckle tracking strain parameters in een 
groep van 183 gezonde kinderen tussen de 0 en 19 jaar. We hebben hierbij onder andere gelet 
op de uitvoerbaarheid, de reproduceerbaarheid en leeftijdsafhankelijkheid van verschillende 
parameters. 
Zowel de piek-strain parameters als de timing van piek-strain parameters werden 
bestudeerd. Piek-strain parameters geven direct inzicht in de ventrikelfunctie. De timing van piek-
strain wordt gebruikt om de verschillen in het moment van piek-strain op verschillende plekken 
binnen één ventrikel te bepalen. Dit is interessant omdat eventuele verschillen in timing ook de 
ventrikelfunctie zouden kunnen beïnvloeden. Als verschillende segmenten binnen één ventrikel 
op hele andere momenten samentrekken kunnen ze elkaar tegenwerken in plaats van dat ze 
samenwerken. Als dit gebeurt, wordt de beweging van de ventrikel dyssynchroon genoemd. 
Momenteel is onderzoek naar dyssynchronie nog in volle gang, ook bij volwassenen. Het is nog 
onduidelijk wat de beste techniek is om dyssynchronie te bepalen en wat een dyssynchroon 
bewegende ventrikel precies voor gevolgen heeft.  
Voor de huidige studie berekenden we, met behulp van de timing van piek-strain, zes 
parameters die verschillen in timing, en daarmee eventuele dyssynchronie, kunnen beschrijven. 
Uit onze analyses bleek dat de bepaling van deze parameters goed uitvoerbaar was bij kinderen. 
Daarnaast waren de parameters grotendeels onafhankelijk van leeftijd en de frequentie van de 
hartslag. Dit zijn bevindingen die het gebruik van deze parameters zouden kunnen stimuleren. 
Echter, van alle zes de parameters die wij bestudeerden die verschillen in timing beschrijven, 
bleek de reproduceerbaarheid zeer slecht te zijn. Dit zal mogelijk het gebruik van deze 
parameters in de kliniek beperken. 
Naast parameters die verschillen in timing van piek-strain beschrijven, hebben we in 
hoofdstuk 3.2 ook referentiewaarden en karakteristieken beschreven van de piek-strain 
parameters zelf. Piek-strain parameters waren niet leeftijdsafhankelijk en goed reproduceerbaar 




Patiënten met een aangeboren hartafwijking 
In het vierde deel van mijn proefschrift beschrijven we de follow-up van de ventrikelfunctie van 
patiënten na een operatie van een aangeboren hartafwijking. We maken hiervoor onder andere 
gebruik van TDI pieksnelheid parameters en van speckle tracking strain afgeleide piek-strain 
parameters om de ventrikelfunctie te beschrijven.  
In hoofdstuk 4.1 wordt weergegeven hoe verschillende parameters, die de linker en 
rechter ventrikelfunctie beschrijven, veranderen binnen de eerste week na operatie van een 
aangeboren hartafwijking. Dit werd beoordeeld in een groep van 141 patiënten met verschillende 
aangeboren hartafwijkingen. Bij deze patiënten werden echo’s gemaakt één dag voor de operatie, 
één dag na de operatie en bij ontslag uit het ziekenhuis. Er werd een daling in zowel de linker als 
rechter ventrikelfunctie geobserveerd één dag na de operatie ten opzichte van vóór de operatie. 
Deze daling werd gevolgd door een herstel van de ventrikelfunctie in de daaropvolgende week tot 
aan ontslag uit het ziekenhuis. Echter, bij ontslag observeerden we nog steeds een belangrijk 
verschil in de TDI piek snelheden bij patiënten ten opzichte van onze metingen in een groep 
gezonde controles. Dit was zichtbaar in zowel de linker als de rechter ventrikel. In tegenstelling tot 
de TDI metingen, was er geen verschil in conventionele echoparameters bij patiënten ten 
opzichte van controles bij ontslag. Behalve de suggestie van een beperking in zowel linker als 
rechter ventrikelfunctie tot aan ontslag, wekken deze resultaten de indruk dat TDI pieksnelheid 
parameters subtielere verschillen in ventrikelfunctie kunnen herkennen dan conventionele 
echocardiografische parameters.  
Naast follow-up van het beloop van de ventrikelfunctie werd in deze studie ook de 
invloed van cardiopulmonale bypass (gebruik van de hart-longmachine) op de ventrikelfunctie 
bestudeerd. Hieruit bleek dat een langere bypassduur gerelateerd was aan lagere TDI 
pieksnelheden in zowel de linker als rechter ventrikel. Dit suggereert een negatieve invloed van 
cardiopulmonale bypass op de ventrikelfunctie na de operatie.  
 
In de hoofdstukken 4.2 tot 4.4 van dit proefschrift wordt de ventrikelfunctie tot een jaar na operatie 
van een aangeboren hartafwijking beschreven bij verschillende subgroepen patiënten.  
 In hoofdstuk 4.2 wordt de systolische ventrikelfunctie beschreven bij patiënten met een 
ventrikelseptumdefect (een gat tussen de ventrikels) die een operatieve correctie ondergingen. 
We vervolgden de ventrikelfunctie tot 20 maanden na de operatie met behulp van onder andere 
systolische TDI pieksnelheden. Hiertoe werden echo’s gemaakt bij patiënten één dag voor de 
operatie, één dag na de operatie, bij ontslag uit het ziekenhuis en ongeveer één jaar na de 
operatie (3-20 maanden na de operatie). Ook bij deze subgroep van patiënten met een 
aangeboren hartafwijking was er een daling van zowel de linker als rechter ventrikelfunctie één 
dag na de operatie ten opzichte van vóór de operatie. Vervolgens nam zowel de systolische linker 
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als de systolische rechter ventrikelfunctie duidelijk toe tot een jaar na de operatie. Dit resulteerde 
voor de systolische linker ventrikelfunctie in vergelijkbare resultaten bij patiënten en een groep 
gezonde controle personen bij de laatste echo, ongeveer een jaar na operatie. Echter, in 
parameters die de systolische rechter ventrikelfunctie beschreven, bleek er nog steeds een 
verschil te bestaan tussen de metingen bij patiënten en gezonde controle personen bij onze 
laatste echometing.  
 Een tweede subgroep patiënten waarvan in dit proefschrift de follow-up tot ruim een jaar 
na operatie beschreven wordt, zijn patiënten met een transpositie van de grote vaten 
(verwisseling in de aansluiting van de lichaamsslagader en de longslagader) die een arteriele 
ompolings-operatie ondergingen (hoofdstuk 4.3). Ook bij deze patiënten werden echo’s gemaakt 
één dag voor de operatie, één dag na de operatie en ongeveer één jaar na de operatie. In deze 
studie werden naast TDI pieksnelheden, ook van speckle tracking strain afgeleide piek-strain 
parameters gebruikt om de linker en rechter ventrikelfunctie te beschrijven. Het patroon van 
veranderingen in de linker en rechter ventrikelfunctie dat bij deze patiënten werd geobserveerd, is 
grotendeels hetzelfde als bij patiënten met een ventrikelseptumdefect. Ook in deze studie 
observeerden we een daling van zowel de linker als rechter ventrikelfunctie na de operatie en 
vervolgens een herstel van de meeste echoparameters in het daaropvolgende jaar. Uiteindelijk 
was ongeveer een jaar na de operatie de linker ventrikelfunctie bij patiënten en een groep 
gezonde controles vergelijkbaar. De systolische en diastolische rechter ventrikelfunctie 
daarentegen, bleef verminderd tot een jaar na de operatie.  
 
De laatste subgroep van patiënten die wij hebben gevolgd (hoofdstuk 4.4), zijn patiënten met een 
coarctatie van de aorta (vernauwing in de lichaamsslagader), die een correctieve operatie 
ondergingen. Deze coarctatie patiënten waren onder te verdelen in twee subgroepen. De eerste 
subgroep bevat patiënten met een kritische coarctatie, die veelal symptomatisch zijn en binnen de 
eerste levensmaand een operatie moesten ondergaan (neonatale patiënten). De andere 
subgroep bestaat uit patiënten waarbij het beloop minder acuut is en die pas na de eerste 
levensmaand een operatieve correctie ondergingen (non-neonatale patiënten). Eerder is 
gesuggereerd dat de belasting van het hart vóór de operatie bij patiënten die in de eerste 
levensmaand een operatie moeten ondergaan groter zal zijn. Daarom verwachtten wij dat deze 
patiënten ook langer moesten herstellen na de operatie.  
Om deze hypothese te testen hebben we bij beide subgroepen echo’s gemaakt vóór de 
operatie, bij ontslag uit het ziekenhuis en ongeveer een jaar na de operatie (11.4 ± 8.3 maanden). 
In de rechter ventrikelfunctie observeerden we bij beide subgroepen nauwelijks afwijkingen vóór 
de operatie en ook nauwelijks veranderingen tijdens de follow-up. De linker ventrikelfunctie 
daarentegen was bij beide subgroepen verminderd vóór de operatie. Verdere follow-up bij 
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patiënten liet geen veranderingen zien in de linker ventrikelfunctie parameters één dag voor de 
operatie ten opzichte van ontslag. Echter, een duidelijke verbetering van de linker ventrikelfunctie 
parameters was wel zichtbaar één jaar na operatie ten opzichte van ontslag. Toch was er een 
jaar na de operatie nog steeds een lagere diastolische linker ventrikelfunctie in beide subgroepen 
patiënten ten opzichte van controle personen. Een belangrijk verschil tussen beide subgroepen 
werd gezien in de systolische linker ventrikelfunctie ongeveer een jaar na de operatie. Deze was 
wel vergelijkbaar met metingen bij gezonde controle personen in non-neonatale coarctatie 
patiënten, terwijl de systolische linker ventrikelfunctie bij neonatale patiënten verminderd bleef. 
Deze resultaten suggereren dat er een verschil is tussen de twee subgroepen coarctatie patiënten 
in het herstel van de systolische linker ventrikelfunctie na operatie.  
Opvallend is dat de uitkomsten van de follow-up bij coarctatie patiënten zo anders zijn 
dan die van de follow-up bij patiënten met een ventrikelseptumdefect of transpositie van de grote 
vaten. Er werd bij coarctatie patiënten geen daling in de ventrikelfunctie na de operatie 
geobserveerd en ook geen blijvende beperking van de rechter ventrikelfunctie. Coarctatie 
patiënten zijn de enige subgroep van patiënten die wij hebben onderzocht die de operatie 
ondergingen zonder gebruik van cardiopulmonale bypass. In combinatie met de negatieve invloed 
van cardiopulmonale bypass die beschreven is in hoofdstuk 4.1, zou het verschil in follow-up 
onder andere door het gebruik van cardiopulmonale bypass verklaard kunnen worden. Echter, 
verschillen in eventuele chirurgische schade en wel of niet openen van het pericard (‘zakje’ 
rondom hart) kunnen deze verschillende follow-up ook verklaren.  
 
Samenvattend geeft dit proefschrift inzicht in het gebruik van een aantal nieuwe 
echocardiografische parameters bij kinderen. Een opvallende bevinding in gezonde kinderen was 
de slechte reproduceerbaarheid van speckle tracking strain parameters die verschillen in timing 
binnen de linker ventrikel beschrijven. Daarnaast suggereerde onze studie in gezonde 
pasgeborenen een groei-afhankelijkheid van TDI pieksnelheid parameters.  
Deze bevindingen zijn belangrijke overwegingen bij het gebruik van deze parameters in 
kinderen en benadrukken de noodzaak van een kritische beoordeling van ‘nieuwe’ 
echocardiografische parameters bij kinderen. Bovendien stimuleren onze resultaten huidige 
trends, waaronder de berekening van Z-scores voor TDI parameters en de standaardisatie van 
echocardiografische metingen gedaan bij kinderen.  
  De echocardiografische follow-up van de ventrikelfunctie tot een jaar na operatie van 
een aangeboren hartafwijking geeft ook nieuwe inzichten en aanknopingspunten voor verder 
onderzoek. Opvallend is de blijvende beperking van de rechter ventrikelfunctie tot een jaar na 
operatie bij zowel patiënten met een ventrikelseptumdefect als bij patiënten met transpositie van 
de grote vaten. Gezien de bewezen prognostische waarde van rechter ventrikelfunctie 
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parameters, stimuleert deze bevinding verdere follow-up van in het bijzonder de rechter 
ventrikelfunctie bij deze kinderen. Daarnaast is het belangrijk om de klinische waarde van de 
geobserveerde veranderingen in de rechter ventrikelfunctie parameters te bepalen. Hiervoor is 
het belangrijk om de gemeten echowaardes te correleren met eventuele klinische veranderingen 
op de lange termijn. Als laatste zou het interessant zijn om de oorzaak van de blijvende beperking 
in rechter ventrikelfunctie te achterhalen. Dit zou nieuwe aanknopingspunten voor therapeutische 
strategieën kunnen geven. Een combinatie van verschillende bevindingen in ons proefschrift, 
suggereert een rol voor cardiopulmonale bypass in de blijvende schade. Echter, dit blijft slechts 
een suggestie. Een uitgebreider onderzoek naar de factoren die verantwoordelijk kunnen zijn voor 
de blijvende beperking in rechter ventrikelfunctie is dus een belangrijke pijler voor toekomstig 





































A  peak atrial contraction wave velocity 
A’  late diastolic TDI velocity 
3DE  3-dimensional echocardiography 
AS-P delay difference in time to peak strain between the anteroseptal and posterior 
segment 
ASD  atrial septal defect 
ASO  arterial switch operation 
BMI  body mass index 
BSA  body surface area 
CHD  congenital heart defect 
CPB  cardiopulmonary bypass 
CRT  cardiac resynchronization therapy 
CV  coefficient of variation 
Delay  differences in time to peak strain between two specified segments 
E  peak early wave Doppler flow velocity 
E’  early diastolic TDI velocity 
ECG  electrocardiogram 
EF  ejection fraction 
FAC  fractional area change 
FS  fractional shortening 
ICC  intraclass correlation coefficient 
IVA  isovolumetric myocardial acceleration 
IVS  interventricular septum 
LV  left ventricular 
LVIDd  LV internal diameter at end-diastole 
LVIDs  LV internal diameter at end-systole 
LVM  LV mass 
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LVMI  indexed LV mass 
MAPSE  mitral annular plane systolic excursion 
MPI  myocardial performance index 
MRI   Magnetic Resonance Imaging 
PR  pulmonary regurgitation 
PWTd  LV posterior wall thickness 
QTc  corrected QT interval 
RV   right ventricular 
RVOT  right ventricular outflow tract 
S’   systolic  TDI velocity 
SDt   the standard deviation of time to peak strain of several segments 
SL-delay  difference in time to peak strain between the IVS and basal LV lateral wall 
SR  strain rate 
TAPSE  tricuspid annular plane systolic excursion 
TDI  tissue Doppler imaging 
TGA  transposition of great arteries 
ToF  Tetralogy of Fallot 
VSD  ventricular septal defect 
VSTd  ventricular septal wall thickness 
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Promoveren is investeren. Dit geldt voor mij, maar ook voor heel veel andere mensen die aan dit 
proefschrift hebben meegeholpen. Allereerst wil ik de patiënten en gezonde kinderen bedanken 
die deel hebben genomen aan onze studie, zonder jullie was niets mogelijk geweest! Daarnaast 
wil ik nog een aantal mensen in het bijzonder bedanken.  
Beste Derk Jan, jouw positieve doch kritische opstelling bleef mij motiveren om door te zetten en 
het onderste uit de kan te halen. Bedankt voor je toegewijde inzet en enthousiasme om ons 
onderzoek tot een goed einde te brengen. 
Beste Nico, bedankt voor de mogelijkheid om bij de kindercardiologie te promoveren. Naast ons 
enthousiasme over alle ‘nieuwe’ echo variabelen, zorgde jij er altijd voor dat we ook de 
conventionele variabelen niet uit t oog verloren.  
Beste Arno, jouw groeiende betrokkenheid heeft mij ervan overtuigd dat je schrijven altijd met 
meer dan twee moet doen. Een ‘derde’ mening, een andere invalshoek…het helpt bij het 
doorhakken van knopen. Ook voor structuur in zowel artikelen als besprekingen was jij een 
onmisbare schakel!  
Beste Irene, als verdediger van het Amsterdamse front was jouw volhardende houding om de 
follow-up compleet te maken super! Daarnaast gaf een belletje van jou, waarin je letterlijk zei dat 
je trots op me was, een echte opsteker in mijn ‘mannen-wereld’.  
Beste Mark, bedankt voor het loslaten van jouw chirurgische kijk op mijn artikelen. Met jouw korte 
maar krachtige commentaar kwam ik altijd weer net dat stapje verder.  
Beste Annelies, tegen jou opkijken toen ik begon was zowel een motivatie als een zware taak :p 
Bedankt voor de tijd die jij hebt genomen om met me mee te denken en me op de goede weg te 
helpen. Een begeleider tussen ‘baas’ en collega in was top!  
Beste meneer Stijnen, toen ik totaal verdwaalde in de statistiek heeft u mij duidelijkheid gegeven. 
In de wereld van dokters, was het fijn dat u mijn statistische overdenkingen echt begreep. 
Bedankt voor uw vertrouwen en inzet.  
Geachte Birthe Gesink en Monique Haak, bedankt dat jullie de kennis van jullie vakgebied 
hebben willen aanwenden om als co-auteurs mijn artikelen te versterken.  
Geachte leden van mijn promotiecommissie, bedankt dat u de tijd heeft genomen om mijn 
manuscript te bekijken en aanwezig te zijn bij mijn verdediging.  
Beste Eveline, Gwen en Francisca, de eerste keer echo’s meekijken was…even schakelen! 
Bedankt voor jullie hulp bij deze belangrijke eerste stapjes.! Daarnaast waren ook de gesprekjes 
als ik mij uren ‘moest’ vermaken in mijn ‘echo-hok’ een welkome afwisseling. ;)  
Beste Ewoudt en Pytsje, bedankt voor jullie inzet in het AMC voor mijn onderzoeksecho’s. Jullie 
zorgden er niet alleen voor dat de patiënten (extra) kwamen, maar ik kon ook nog rekenen op 
service tot aan mijn deur door middel van een CD’tje. Top! 
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Beste secretaresses van het kinderhartcentrum en stafsecretariaat, het was fijn altijd een 
helpende hand te krijgen als ik logistiek in de knoop kwam!! In het bijzonder wil ik Mirjam 
Vollebregt en Angela Barnhard-Kraan bedanken. 
Lieve Thokkies, van jullie heb ik geleerd dat leuke collega’s een wereld van verschil maken! Lieve 
Tjitsie, 3 jaar lang weten dat ik altijd bij jou terecht kon voor statistiek, taal, zeuren of een knuffel 
was top! Lieve Sabine, samen lachen, ons frustreren, briefjes schrijven en ‘roddelen’ was precies 
wat ik nodig had! Lieve Anicka, Annelies Immink, Annelies van der Hulst, Caroline, Corjan, Linda, 
Marleen en Nynke... baby’s, trouwen, samenwonen en promoties afronden...het was me allemaal 
nog vreemd! Als ‘mini’ vond ik het wel super om dit van de zijlijn bij jullie te mogen volgen!  
Lieve Suzanne, heerlijk om een vriendinnetje te ‘vinden’ die alles begrijpt van promoveren, en de 
‘bijzondere’ kindercardiologie en echo-wereld!! Super gezellig en waardevol! Heel veel succes 
nog bij jouw promotie.  
Lieve Kim, bedankt voor de koffie’s en de frustratie-spuierij!;) Na een afspraak met jou was alles 
weer lekker relatief…van de impact factors tot mijn snelheid in promoveren.  
Lieve Schijn, vriendinnetjes door dik en dun…dat hebben jullie laten voelen! Jullie bewondering 
voor mijn doorzettingsvermogen gaven mij weer doorzettingsvermogen ;)  
Lieve Hellen, Jonna, Heleen, Lisa, Michiel, familie en ‘klitsie-plus’ bedankt voor jullie interesse en 
lieve vriendschap de afgelopen jaren! Allemaal een hele andere kijk op mijn promotie en dat is 
verfrissend en goed. !  
Lieve John, super bedankt dat je, geheel uit eigen initiatief, aanbood om me te helpen met de lay-
out! Gaaf om ook een als ‘team’ samen te werken ! 
Lieve Jac, Suus en Baar, met jullie deel ik alles en dat maakt me sterk! Van mijn radio-lot 
momenten, overwinningen, champagne-momenten, en blije dagen, tot de diepe dalen die we 
samen overwinnen om daarna vol overtuiging weer eens t liedje ‘volkomen ***’ mee te zingen!  
Lieve mama en papa, stiekem zijn jullie de reden dat ik ben gaan promoveren. Papa was de 
doorslaggevende motivatie en mama, jij bent mijn geweten, lieve steun en een geweldig thuis! 
Lief apie, jouw ‘succes met onderzoeken’ en ‘ik hoop dat je wat ontdekt’ lieten mij elke keer weer 
glimlachen. Een onvoorwaardelijk steun, maar ook een uitdaging voor me van politieke discussies 
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Mijn promotie-traject is mede mogelijk gemaakt door het MD/PhD-traject, Universiteit 
Leiden, te Leiden. 
